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1. INTRODUCTION

The ABORC (arbitrary body of revolution) computer code for the solu-
tion of system-generated electromagnetic pulse (SGEMP) and internal elec-
tromagnetic pulse (IEMP) on arbitrary bodies of revolution is documented
in this report. The code is designed primarily for the solution of elec-
tromagnetic currents and fields produced by arbitrary axisymmetric emis-
sion of electrons due to photons incident on objects such as satellites
or missiles. The cémplete set of Maxwell's equations is solved and
coupled with particle moticn representing currents. Self-consistent,
time-dependent solutions of currents and fields are cbtained in two
dimensions.

This report contains a description of code capabilities and various
tests which have been performed to determine the validity of its solu-
tions by comparing ABORC fields and currents with analytical solutions,
where available, and also with other computer codes.

Detailed descriptions of the physics and modeling are contained in
Appendix A. Sample ABORC calculations on problems of interest in SGEMP
are found in Appendices B and C. Results in Appendix B permit order-of-
magnitude estimates for SGEMP responses over wide ranges of object size
and photon excitation. Appendix C contains pertinent considerations of
geometry cffects under space-charge-limited (SCL) conditions. The appen-
dices show by illustration the range of upplicability of ABORC to SGEMP
calculations,

Some numerica! sensitivity considerations are discussed in Appendix
D.  These are designed to aid the user in producing results containing
minimwal statistical noise. A complete user's munual for ABORC and related

graphics is provided in Apperndix E.
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2. ABORC COMPUTER CODE DESCRIPTION

The ABORC code solves Maxwell's equations with self-consistent elec-
tron motion in a vacuum for axisymmetric geometries., Direct finite-
differencing of the field equations is done employing generalized coordi-
nates, and finite 'particles'" c¢f charge are followed through the spatial
mesh of zones to obtain currents. Emission of arbitrary energy, angular,
spatial, and time distributions of currents can be specified, including
fully time-dependent spectrum and spatial distributions. Randomizing
techniques are employed for all distiibutions for efficient numerical
representation.

Boundary conditions currently available in the code require the
specification of an outer, perfectly conducting cylinder. Free-space
solutions can be obtained by moving the outer boundary out so the clear
time (the time in which reflections from the outer wall return to the
structure; is larger than the problem time of interest. The shape of
the inner wall of the outer conductor can be modified to an arbitrary
body of revolution by specifying conductivities within the outermost
cylinder, but the final spatial extent of the celculation is the above-
mentioned perfectly conducting cylinder.

Finite conductivities can be specified representing imperfect con-
ductors, and dielectric structures may be treated by specifying proper
dielectric constants. While the former is programmed into ABORC and is
implemented by simple input card specification, the latter capability
is somewhat limited. Dielectrics with g = £ (free space permittivity)
can be specified throughout the volume of the calculation by simply
specifying conductors of very low conductors. Resistors are specified
in this way, where the conductivity is choscen to give the sought-after
resistance value. Care must also be taken here to ensure that the skin
depth of the resistor is large cnough to allow proper ficid penetration.

Diclectrics with ¢ # £ present a diftferent problem, however, in that no
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provision has been made for them in the field equations. Programming
changes are therefore necessary to add this capability. For certain
cases with small, well defined volumes of dielectrics, nowever, this
change can be relatively minor.

While most SGEMP/IEMP calculations are performed assuming complete
absorption of photo-electrons upon impact with surfaces, back-scattering
of electrons can be specified in ABORC if desired. Variable amounts of
charge with modified energy and direction of propagation can be re-emitted
from surfaces upon contact. This feature is presently limited to back-
scattering from a simple cylinder with energy- and angle-independent
reflection fractions, energy dissipation, and specular angle. Studies
undertaken with this code option have shown considerable effect on SGEMP
response under certain conditions (Ref., 1).

Graphics features include the capability of simple specification of
most major calculational quantities at arbitrary locations to be dis-
posed to various plotting routines. These routines include printer
plots, pen plots, CRT plots, and 16mm computer-generated movies of eclec-
tron trajectories. Files of data from different ABORC runs can be over-
laid conveniently, allowing accurate analysis of calculations. Time
histories and spatial distributions of fields and currents can be corre-
lated directly with particle trajectories using the movie capability.
The movies provide a helpful too!l in debugging complicated geometry cal-
~ulations where electrons ure emitted from many surfaces and space-charge-

limiting may occur,

VELPL Wenans and AL LT Woods, “"Electron Backscartering bffects on
SGEMP Responses,” INTFL-RT S8141-025, March 10, 1976, 1o be presenteld at
el Conference on Nuclear & Space Radiation Fffecots, July 1970




3, ABORC VERIFICATION

ABORC has been checked against known solutions of Maxwell's equations
and against other computer codes. The results of the checkouts are dis-
cussed here. Comparisons are for bech non-space-charge-limited and space-

charge-limited currents,

3.1 EMPTY CYLINDER FIELD SOLUTION

ABORC has been compared with analytic solutions for electric fields
in an empty cylinder. These analytic solutions can be derived when a sinu-

soidal axial current density having a Bessel function radial dependence is

specified:
x01r U
J_ = J. {\~%—}sin |- for 0 < u < L, zero otherwise, (1)
z 0 R I
where
R = cylinder radius,
L = cylinder length,
r,z = radial, axial coordinates,
u=vt - z,
v = phase velocity,
Xg1 = first zero of Bessel function JO'
The solutions for the radial and axial electric fields at time = L/V

are
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A test problem was run with ABORC where the axial current was speci-

(3)

fied according to Eq. 1. The test problem had the following characteristics,

Cylinder radius (R) = 0.5 m
Cylinder lengtn (L) = 1.0 m
Phase velocity (v) = 0.2c

These parameter inputs resulted in an electror flight time of 16.7 nsec
across the cavity, which was used as the maximum running time.

ABORC was run with both constant and variable spatial zones as a
check of the variable-zone capability of the code. The following inputs
pertaining to grid sizes were employed.

Number of radial zores: 10
Number of axial zones: 20
Time step: 2,09 x 1071 sec
Zone sizes varied by up to a factor of 10 in the variable-zoned case.

Equatrion 1 was used to update the axial current density ecach time
step. Fields from the code were compared with the analytic solutions (Egs.
2 and 3) at 16.7 nscc. The results of the comparisons are secen in Figures
1 and 2 for the axial electric field at the emitting end of the cylinder
and the radial electric field at the side of the cylinder, respectively.
The arrows on the geometry figures indicate the electron direction of
propagation.

ABORC results are from the variable-zone case, which agreed well
with the constant-zone case, Agreement of the code and analytic results
is very good. Slight ditferences may be attributed to numerical inaccura-
cles resulting from tfinite grid spacings., This test of the code indicates
that the ficld calculation portion is operating correctly, given the cur-

rent in an empty cylinder.
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3.2 DOUBLE-CYLINDER FIELD SOLUTION

ABORC has been compared with analytic solutions for E- and H-fields
in a double-cylinder geometry (Figure 3). Analytical solutions to Max-
well's equations are particularly easy to determine for the symmetry and
initial conditions considered here. This simplification follows from the
fact that the H-field in the azimuvhal direction satisfies the boundary
condition on a perfect conductor automatically. Any specification of the
E-field which satisfies the boundary conditions and is zero initially
implies a value of the magnetic field from the curl E equation. The com-
bination of E- and H-fields then determines the value of the current den-
sity from the curl H equation, and it is that current which must be used

to drive the computer solution to produce the E- and H-fields.
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An example of these solutions is shown in the following test problem.
Analytic solutions are known by the above methods when an axial current

density having the foilowing dependence is specified.
, . T :
J = [JO (1(i r,/a) Y0 (ki) - JO (ki r/a) sin (L) (4)

for 0 < u < L, zero otherwise,
where
k. = 3.1228 for b/a = 2,
= outer cylinder radius,

= inner cylinder radius,

[and < I -l
t

= cylinder length,
r,z = radial, axial coordinates,
u=vt - z,
v = phase velocity,
JO’YO are Besscl functions of order zero.
The value of ki causes the quantity in brackets to vanish at r = a and
r = b. The axial and radial electric fields at a time equal to the flight

time for electrons down the length of the cylinders are given by

e "
] Yokkj) Jo(ki r/a) - JO(ki) \O(ki r/a)

Z L EOV (kl)Z (Tr>2 L
a2/ v \L R

T e N R R S SRR, A sin. == . (€)

and

A test problem was run with ABORC where the axial current density was

specified according to Eq. 4. The problem had the following characteristics.

Inner cylinder radius, a: 0.25 m
Outer cylinder radius, b: 0.5 m
Cylinder length, 1 I m

R

Peak current density, J VG T6d amp/m”

PEAKS

(occurs =t a time of one-halt an
electron flight time at o radial
position midway between oy linders:




T,

Phase velocity, v: 0.2¢
Number of radial zones between cylinders: 10
Number of axial zones: 26
Constant spatial zone sizes: Ar = 0.25 m
Az = 0.05 m
Time step: 2.17 x 107 sec

The problem characteristics resulted in an electron flight time of 16.7 nsec.

The electric fields normal to the inner and outer cylinder wails and
the end away from the emission surface are plotted at the time of 16.7 nsec
in Figures 4, 5, and 6. The arrows on the geometry figures indicate the
electi.n direction of propagation. The analytic curves arc also shown.
Agreement of the code and aralytical results is excellent, with minor dif-
fei uces attribu.able to finite grid sizes used in ABORC, This test indi-
cates that the field soclution is operating cor.ectly in cylinders with

objects inside.

3.3 PARTICLL FMISSION TESTS

Sevrral checkouts of the particle-emission portion of the “BORC code
have been made. Some of the tests are described here, The particle emit-
ter has built-in coding to store information on each emission energy dis-
tribution used in a given calculation. This information can be plotted at
the end of a yun and compared with the desired input energy distributions
to test statistics. Corparisons of these "desired" and "obtained" distri-
butions have shown agreements within permissible statistical deviations.
The deviations are due to the Monte Carlo technicues emplzyed by the code.

Emissions of currents frem a variety of geometric objects have been
studied. In many cases, the total charge emitted was analytically calcu-
lable (such as emission frem simple cylinders or cones). The cmitter has
been verified under these ccmpariscns, with pulses both long and short
compared to object dimensions. The latter case provides a test of the
delayed emission capabiiity of the co o,

A particularly complete chickout of the particle emitter was afferded
by modeling a time-dependent spectrum in an electron-beam simulation cal-

culation. The beam was modelad with a triangular palse shape, and the
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energy of the electrons was specified as triangular in time. These sim-
plified representations permitted an analytical solution to be obtained
for the time-averaged beam energy. This energy agrees with that obtained
from ABORC when the total electron kinetic energy emitted is divided by
the total charge emitted. The latter numbers are standard ABORC printout

quantities.

3.4 CHECKOUTS INCLUDING PARTICLE MOTION

Several checkouts of the particie motion of ABORC have heen made
against analytic solutions and existing computer codes in both non-space-

charge-limited and space-charge-limited situations.

3.4.1 Analytical Comparisons for Particle Motion

Behavior of individual particles injected into an empty cylinder has
been examined under field conditions where analytic sclutions are deriv-
able. In three different tests, each of the three field quantities — Ez’
Er’ and HO -- have been specified constant throughout the cav’ty, with the
other two being set to zero. Then particles were injected in such a way
that simple analytical expressions could be derived to compare with
resultant particle motion. The particles were injected parallel to E_
and Er and along the axis when HO was non-zero. The particles were fgund
to come to a stop at positions within 5% of the analytic predictions when
about 20 time steps from the initial to final positions were taken. The
radius of curvature for particles injected perpendicular to the ll-field
was found to agree very well with the analytical value, slight differences

being attributed to finite gria sizes.

Obviously, the abovementioned particle checkouts are limited in scope,

but they do provide some confidence in results. More comprehensive tests

are reported below.

16
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3.4.2 Comparisons of ABORC with Other SGEMP Codes

ABORC has been compared with the computer codes DYNACYL (Rets. 2-4)

and SEMP (Refs. 5,6) for the configuration of a cylinder within a cylinder.

Both of these codes solve Maxwelil's equations employing self-consistent
particle motion for describing photo-electron currents. The codes have
been applied to varieties of IEMP and SGEMP problems. These comparisons
compare the ability of ABORC to treat an object interior to the enclo-

sure and also to treat space-charge-limited situations.

Non-Space-Charge-Limited Case - DYNACYL Comparison

The test problem has the following characteristic dimensions.

Geometry

Outer cylinder length: €.0m

Outer cylinder diameter: 6.0 m

Inner cyiinder length: 0.8 m

Inner cylinder diameter: 1.4 m

Inner cylinder position: center of outer cylinder

Emission curyent

Pulse shape: triangular (symmetric), 20-nscc FWIM

Peak current: 1 amp

Spatial distribution: electrons emitted from top of inner
cylinder only

Electron velocity 0.2¢, axial direction

Angular distribution: straight-out cmission

Space-charge-limiting did not occur here because the fields were not

allowed to affect clectron motion in this test.

TN . . .

<. N. Delmer et al., "SGEMP Phenomenology and Computer Code Devel-
opment," DN\ 3653F, November 11, 1974,

E. P. Wenaas and A. .1. Woods, "Comparisons of Quasi-Static and Fully
Dvnamic Solutions for Electromagnetic Field Calculations in & Cylindrical
Cavity," 1EEE Trans. Nucl. Sci. NS-21, December 1974, p. 259,

4l). C. Oshcrn et «l., "Large-Area [lectron-Beam Experiments," INTEL-
RT 8101-011, July 15, 1975.

SD. L. Mangan and R. A, Perala, "Satellite SGEMP Surface Current Tech-

niques,'" TLEE Trans. Nucl. Sci. NS-22, No. 0, December 1975, p. 2420,

OR. Stettner and . L. Longley, "Description of the SCEMP Computer
Code SEMP,'™ Mission Rescarch Corp. report MRC-R-144, June 1975.




Grid sizes employed in the two codes are listed below. Constant

spatial zoning, equal in each direction, was used in both cases.

;ﬂ Number of radial zones: 15
Number of axial zones: 30
Maxwell's equation 0.25 nsec, ABORC
time step 0.33 nsec, DYNACYL

The magnetic field near the edge of the inner cylinder farthest from
the emission point is shown for the two codes in Figure 7. This field
position is on the inner cylinder wall at a radial position of 0.7 m. The
axial position is about 0.2 m from the end of the inner cylinder. The

1?5 curves show good overall agreement, with differences in the start-up times
attributable to emission current pulse start-up time differences between
the two cases. These differences were duc to initial electron position
and time step treatments existing in the two codes at the time of this
test, and also to field point position differences due to finite zone

sizes.

Space-Charge-Limited Case - SEMP Comparison

ABORC has been applied to a space-charge-limited calculation of fields
and currents in a double-cylinder geometry and results compared with those
obtained by Higgins* for similar preblem conditions. Unfortunately for
this comparison, the emission current spectra differed slightly, but all
other problem characteristics were approximatecly the same. The input
conditions, while not perfect, do permit comparison of results of testing
most faccts of the codes, including the ability to perform space-charge-
limited calculations.

Problem conditions are listed in Table 1. These and the results are
cast in the scaling law forms discussed in Appendix B. These problem con-
ditions result in a peak surface current of about 1.6 x 10—2 times the
peak emission current, indicating a highly space-charge-limited situation.

Results for surface currents at two positions on the cylinder are
given in Figures 8 and 9 for the two codes. The curves show fairly good
agreement, with results becoming more similar as the field point is far-
ther removed from the particle region. SEMP currents appear to be some-
what more space-charge-limited than ABORC results. This is consistent

"D, Higgins, MRC Corp., private communication, March 1976,
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Table 1
ABORC/SEMP COMPARISON PROBLEM
Geometry: Double cylinders, length = diameter

Outer diameter = 3X inner diameter

Tnner cylinder connected by wire to
outer cylinder

Emission Current:

Pulse shape: Triangular, symmetric
Pulse risec time: T = 0.25 x (2nr/c), where
4 r = inner cylinder radius,
1 T = pulse rise time
3 ¢ =3 x 108 m/sec
4 : WA
E Level: 5.5 x 107 amp
b Spatial distribution: Uniform emission over end of inner
cylinder away from wire
Angular distribution: Cos O measured from surface normal
3
3
v
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with observed emission electron spectrum differences where the distri-
bution used in SEMP had slightly lower average energy than that used in
ABORC., Response of the object to the reflected wave from the outer walls
is seen clearly in Figure 8 in both code results. The ciear time is
indicated on the graphs. In general, the codes show enough agreement to
suggest that both are giving recasonable estimates for space-charge-
limited surface currents. Further investigation of the differences
between the results would require analyzing the details of the problem

numerics and code formulations.

3.4.3 Summary of Code Verifications

A summary of the code checkouts is given below.

Empty-cylinder field solution - analytic

Double-cylinder field solution - analytic

Particle-emitter tests - analytic

Particle motion tests - analytic

Comparison with DYNACYi. - non-SCL

Comparison with SEMP - SCL
In addition to these checkouts, ABORC results were included in a compar-
ison of data from several computer codes and aralytical predictions con-
ducted by dePlomb (Ref. 7). Problem conditions varied slightiy between
ABORC calculations and the other models, but comparison of the data was
still a meaningful exercise. ABORC surface current peak values and times
of occurrence were found to he in good pgeneral agreement with these other
sources over wide ranges of emission currents and specta including space-

charze-limited conditions,

-

“B.oP, dePlomb, "Analytical Predictions of SGEMP Response and Com:
i A

parisons wilth Compurer Calculations,”

to be published April 1970,

Kaman Scicences report
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4. SUMMARY

The ABORC computer code for the solution of SGEMP/IEMP problems for
arbitrary bodies of revolution in two dimensions has been documented in
this report. A description of code capabilities and code verifications
are given in the main body, while contents of appendices include a
detailed description of ABCRC physics and modeling, sample calculations,
a user's manual, and numerical grid choice considerations.

A brief description summarizing ABORC capabilities, physics, and
modeling is given in Table 2. ABORC verification included testing vir-
tually every code capability to some degree, with at least reasonable
similarity to other solutions being obtained. Tested code portions
include empty-cylinder fields, non-empty-cylinder fields, individual
particle trajections, and both non-SCL and SCIL. SGEMP calculations in
double-cylinder geometries. ABORC has also been compared with DYNASPHERE
(Ret. 2} on a spherical geometry under SCI conditions, with reasonable
results. Thus, the code appears to have the capability to handle curved
surfaces as well. Verification ot ABORC on very complicated geometrices,
inciuding booms, conical surfuces, ete., has been pertformed only to the
extent of checking for reasonable behavior of results and observing num-
crous computer gerervated movies of poarticle trajectories.  Direct com-
parisons of resulty with another code should probably be made here.

Some investigations conducted asing ABORC, in addition to those
given in Appendices R oand €, are Jdescribed in Reterences 9 throagh |1
These present oxamples of various cede capabilities such uas the modeling
of tire-dependent spectra, re-entrant geometries, and current-injection
simulation tests of satellites.

SELoP. Wenaas ot al., "Sensit ivity ot SGEMP Kesponse to Input Pavam.
eters," TEEE Trans. Nuacl  Scl. NS00 0 Noo o, December 19750 pooJdel,

JAL 0L Woods and RO Stahl, USGEMP Response Sensitivity to bxplod-
ing-Wire Source rhoton Outpuat Variations " INTEL-RT SH11-002, Septenber
5, 1975,

POy 70 wouds and T N Delmer, "Shvnet Provram: Corrvent o Injection
Predictions/solutions to Maxwell's bquutirons,” DNA S68Y 1-2, lebruary 7,

1475

Hl. No o Delmer, "Response ot a Precharpe Satellite to a botentral
Photon Source,” INTHE R SEID 012, November U1, 1a7™h,
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% Table 2 (
4 SUMMARY OF ABORC CODE CACARTLITIES, PHYSICS, AND MODELINC i
L4 d
! . . . ' '
i Geometrical Configuration
¢ . . . . L . .
£ Arbitrary rotationally symmetiic bodies inside arbitrary rotationally
! symmetric enclosures
: Arbitrary energy, angular, and axisymmetric spatial distributions of
i emission cirrent with arbitrary time histories can be specified; all
; distriburions can be time-dependent
; Two-dimensional, axisymmetric electron orbits
: Two-dimensional, axisymmetric electric and magnetic fields
Linited External circuits
Physical Phenomena In~luded
Photocusrent emissions are specified to the code; can be time-
dependent in all distributions
Electric and magnetic fields and current densitiecs are calculated
Both perfect and imperfect conductors can be specified
Limited dielectric capability
Fields act on particles of charge via relativistic equations of motion
Time dependence treated by updating Maxwell's equations cach time
. step for new particle positions
- Vacuum only
"3 Method of Solution
4.4 - —-=
3 Emission current broken into parcicles of charge with velocities;
o4 random emission in all variables
B Particles of charge are converted into current densitics on the spa-
= tial prid )
4 Current densitices are used to obtain B~ and N-fields by finite-
s differencing and updating Maxwell's cquations: variable zone sizes
= Flectric and magnetic fields act back on the particles via the
g cquations of motion, altering thelr trajectories
E
%
"». ;
}
!
L
.
-
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DESCRIPTION OF THE PHYSICS AND MODELING
EMPLCYED IN THE ABORC CODE
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A-1., INTRODUCTION

This appendi» contains a mathematical description of the ABORC code,
which has been developed to numerically evaluate electron motion and elec-
tromagnetic field generation in the vicinity of arbitrary bodies of revo-
lution. The problem characteristics are taken to be iotationally symmetric,
reducing the vroblem to two dimensions. The electromagnetic fields are cal-
cuiated from Maxwell's equations and are used to influence the electron
motion.

Electron emission from the surfacces 1s the source term(s) for driving
the problem. Currents and fields are the quantities which resuit from the
calculation. The electron emission must be specified in space and time.
For example, in the case where the emission is duc o photon interaction
with materials, the photon energy and time spectryum determines the emis-
sion characteristics of the electrons. In cases such as this, a separate
electron emission code must be used to get the electrcn spectrum from the
photon spectrum. (Particles are used to represent large numbers of elec-
trons.) The quantities calculated directly include the currents in the
regions between the conducting surfaces, as well as the electric and mag
netic fields in those regions. Applying Maxwell's equations properly at
the boundaries gives surface currents and charge densities,

The remainder of this appendix outlines the methods of emitting the
parvicles of charge, calculating particle motion, converting that motion
to currents, and solving the field cquations. The fiecld equations are
written ‘n a gencralized coordinate system, so the conversion from the
polar coordiniates to the general system 15 also discussed,  Polar coordi-

nates ave wused for the particle motion,
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A- 2. ABORC PARTICLE EMITTER

The particle emissicen sections ot ABORC have been designed to allow
for relatively easy and flexible descriptions of complex emission charac-
teristics and to simulate "real-world" clectron emission with a minimum
number of particles. This has been achieved via the use of a free-form
input processor which operates upon arbitrarily specified emission descrip-
tions, and by implementation of general Monte Carlo methods to the entire
range of emission characteristics — i.e., intensity, energy, angle, space,
and time. We describe herein the features of the emission specification
method and provide examples of the use of the emitter. A description is
included of the operation of the emitter itself, the methods employed,

and the benefits derived.

A-2.1 ABORC Erission Input Description

The problem of describing to the computer code exactly what emission
is to be simulated is twofold: (1) description of the particle charuacter-
istics and intersity, and (2) the position ir the computer model whcre
this =2mission is to teke place. The following describes the esscntial
features which interface the analyst's desires with the ABORC internal

arrays, flags, equations, etc.
Ei STON CHARACTERISTICS

The above card simply informs the code that emission information

follows.
EMISSTION INTENSETY n o= POINT PAIR TABLE

The emission intensity format is used to specify the time history for

the emisston pulses; n is the intensity number, of which there ¢an be up
2
to 20, and POINT PATR TABLE is the time nistory in amp/m” versus time in

sec. Bl may be used to abbreviate "emission intensity.” For exanple, a
ki
20-nsec FWHM triancular palse with a peak of 0.1 amp/m” would be input:
FMPSSTON INTENSETY B o= 0,0,200-9,.1,408-9,0
(ot lr,‘)

i
i
i
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The table may contain up to 50 point pairs, allowing high resolution
to fairly complex emission time histories, and may be continued on as many

cards as desired.
ENERGY DISTRIBUTION n (BINS = i) = POINT PAIR TABLE

Similarly, the encrgy distribution card allows for the arbitrary spe-
cification of the emission energy spectrum; n is the distribution number,
and again, up to 20 are allowed at present. ED may be used to abbreviate
"energy distribution." (BINS = 1) is optional. 1 specifies that there
shall be i particles emitted per particle time step per emission zone for
the distribution. If the (BINS = i) input is omitted, the default value
of i is 4. The POINT PAIR TABLE is as before, with relative frequency
{number/uni: energy versus energy (eV)] as the parameters. For example,

tne spectrum of Figure A-1 might be input:

ENERGY DISTRIBUTION 7 = 4K,0,5K,.4,6K,.8,7K,1,
(er ED7) 9K, .8, 12K, .4, 15K, . 15,20K, 0

Mono-energetic emission is specified simply by EDn = energy.

Note the use of the "K," which is interpreted as 103. Variocus other
letters may be used with floating point numbers in the cmission section; -
they are listed in Table A-1. The example spectrum is given normalized
to a peak of 1, however, the emitter normalizes all distribution functions,
so the emission current density has the value specified by the "TIMES' fac-
tor described below under "EMISSION ZONES,' and multiplied by the "EFLUENC"
factor discussed in Appendix E. Desired relative height for all distri-

butions is all the user need consider.
ANGLE DISTRIBUTION n = POINT PAIR TABLL

The angle distribution card is shown above. AD may be used to abbreo-
viate "angle distribution.' The parameters for the point pair table in
this instance are the number of particles per unit angle versus angle in
radians., For example, the distribution of Figure A-2 is given by:

ANGLE DISTRIBUTICN 3 = 0,0,.6,.75,1.1,.45,1.57,0
(or AD3}

i
<
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Figure A-1. Sample energy spectrum input to ABORC
| Table A-1
3 FLOATIN; POINT MULTIPLIERS FOR ABBREVIATED ABORC INPUTS
Letter Factor Power of 10
P -12
N -9
U -6
E K +3
| M +6
' The letter factor can be used to replace the power of
. 10 desired on input cards.
;
b
é
{
|
‘ é 31
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RT-11258

Figure A-2. Sample angle distribution input to ABORC

Polar angles are employed in the coding for emission specification. The
angle on the given sample is the angle from the emitting surface normal.
The azimuthal angle distribution is specified uniform from 0 to 2m for
two-dimensional calculations. Straight-out emission is specified simply
by ADn = 0.
EMISSTON ZONES

The emission zones card simply specifies that emission zone informa-

tion follows. The emission zones, then, are indicated by:

(zl,r]) T0 (22,r2) INT 1 DELAY x TIMES y,tD j,AD k,ADQ3 &

zl’ 1‘1’ ’)) o]
the emission intensity time history number reterence to be used for the

The DELAY and TIMES fac-

z r, give, of course, the coordinates of the zone. i is

zone, detaved by x seconds and multiplied by y.
tors are optional. j is the energy distribution number to be used for
the zone, k is the angle distribution to be used for determining the

direction of cach particle relative to the surfuce normal, and £ 1s the

angle distribution reference for the emission electron direction azimuthal

1]
t.
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angle about the surtace normal. Particles are always emitted to the left
of the line segment running from (Zl’rl) to (zz,rz). Therefore, care must
be taken to specify zones in proper oxrder.

As an example, suppose we desire an emission zone position on the top
of a cylinder, from the axis to 0.2-m radius and at vertical position 0.5

m. We shall reference the previous distributions and input:
(.5,0) TO (.5,.2) INT 5 TIMES 10, ED7, AD3, ADG3 2

where we have multipled the current density by 10. We may also want to
emit from the side of the cylinder (e.g., radius = 0.2 m) but with reduced

intensity and delayed by a couple of nanoseconds:
TO (.3,.2) INT 5 DELAY 2E-9 TIMES .1, ED7, AD3, ADQ3 2

where 2y and ry for this emission zone are obtained from the previous zone's

z, and r,.
END OF [NPUT
terminates the emission input processing.

A-2.2 ABORC Emitter Operation

The emitter operation is outlined here. Generally, the idea has been
to randomize the entire emission process instead of emitting from discrete
points in space, angle, energy, and time, as has been done in the past.
This randomization reduces the systematic excitation of high-frequency
modes, and represents physically continuous distributions more accurately
than discrete points for the same number of particles. This treatment of
emissicn currents is particularly beneficial under high SCL conditions,
where a small fraction of the emitted charge may be causing dominant
response.

The emittesr, then, based upon the amount of charge to be emitted at
4 given time step, sets up particles with randomly determined energies
from the given energy spectrum, randomly determined angles {velocity com-
ponents) consistent with the given angular distribution, randomly deter-
mined position in the emission zone (taken to be uniform over the zone
area), and randomly determined emission time (taken to be uniform over

the particle time step).

33
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The energy characteristics of the emitted churges are taken to be cru-
cial to effective simulation. For coding purposes, this translates to
allowing very precise definition of the desired spectrum (discussed in the
input section) and effectively sampling values from this spectrum without
generation of too many particles (which could result in excessive running
times). We achieve these objectives via the use of the "stratified sam-
pling'" scheme.” Given a spectrum such as that presented in Figure A-1,

we transform (via integration/normalization) to a distribution function

of the form shown in Figure A-3.
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Figure A-35., Sauple distribution function employed by ABORC

A comparison of "stratified” sampling with "straight” sampiing — i.c.,
sampling from the entire distribution insteac of from ranges within the
distribution — will illustrate the benefits of stratification.  Straight

Monte Carle sampliag applied to this distribution (i.c¢., generation of a
e ) B ‘

J. Hammershy and . Handscomb, Monte Carlo Methods, J. Wiley bt bons,
New York (1965},
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random variate between 0 and 1 and interpolating the function for the

corresponding energy) yields a standard sampling error s:

n
52=n—_1TZ (e; -w)" ,
i=1
where
U = mean,
e; = jth sampled energy,
n = number of samples taken.

The sampling error, then, goes inversely with the square root of the number
of samples, or four times as many samples must be taken to increuse the
accuracy of s by a factor of 2.

The use of stratified sampling (i.e., dividing the 0-to-1 interval into

k strata and sampling fiom within each stratum) gives a standard error:

k 2 n.
52 = T~(Aai) zl (e - u)2
) nj(n.-l) ij ’
j=1 I e
where
k = number of strata,
ﬁ“j = random variate range for the jth interval,
nj = number of samples taken in the jth interval,
55 = energics selected.

Tt is seen that the error goes inversely with the number of samples taken;
i.e., doubling the number of samples roughly halves the standard errvor.
This translates to better statistics for fewer particles.

The Jdirectional cparacteristics of the emitted charge are important
also.  Experience indicates that the angle distribution 1s not as criti-
cally important as the proper crergy Jdistribution, particularly at higher
Fluence conditions. We allow, then, tho svecitication of anguiar charac-
teristics and apply standaurd Mente Carlo sumpling to these distributions
instead of the more sophisticated stratified variety.

With regard to the space and time chdracteristics, we take the emis-

sion to be unitform over the emission zone areca and over the emission time
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step. Since the intent is to simply spray the emitted charge from the zone
at random positions in the space interval and at random times in the time
step interval, we fird that the standard Monte Carlo is adequate here also.

In summary, the emitter calculates, from the specified current den-
sity time history, the charge to be emitted at each emission time step in
each emission zone. The energy characteristics are randomly and accurately
selected using the stratified energy distribution sampling. The particles
are then assigned directional characteristics, emission time, and position
via standard Monte Carlo sampling.

An outstanding capability of this particle emitter, aside from the ease
of inputs and specification of complicated characteristics, is its ability
to model time-dependent energy spectra. This capability, necessary for
complete modeling of photo-electron emission results obtained from photon-
generating machines, 1s available by using the existing coding and simply
specifying different energy distributions with different time histories
for emission from a common spatial zone. As many as 20 energy distribu-
rions and 20 time histories can be specified to model the complete time-

dependent spectrum, if necessary.
A-3%. ABORC PARTICLE-PUSHER

The finite "particles' of charge emerging from the emitter portion
of the code, discussed in the previous section, are picked up and prop-
agated through the spatial zoncs with forces acting on them due to the
E- and H-fields in the space. The particle trajectories are determined
by the equations of motion, which are updated ecach particle time step.
The old and new particle positions are then employed to generate currents.
The currents are used to update the k- and H-tfields. A description ot the
determination of particle trajectories in ARORC is given herc.

The particle has rest moess m and charee ¢, and is in an clectric ficld

,EF,O) and magnetic field B = (O,O,%O). The equation of motion can

o
4

e

be numerically integrated in two steps:
1. Find the new mignitude of the velocity v from the energy
LQUEt 1OLS .

2. Find the direction of the velocity from momentum cquations,
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The equations were originally updated by differencing the momentum

equations in cylindrical coordinates. This had the effect of introducing

! a singularity at the axis of the coordinate system. To eliminate this
; singularity, the particle motion is now described in Cartesian coordinates.
This was a simple and expeditious means of solving the problem.

The force is calculated from the nearest field points of the grid in
the following manner. The magnetic field is equal to the field at the
nearest point. Since in SGEMP problems the magnetic force is small, this
is sufficiently accurate. For the electric fieids — say, in the Z direc-
tion — the two nearest fields in that direction are found to have the same
coordinates in that direction. These two are averaged to get the field
acting on the particle. This has the advantage of giving forces on emitted
particles which are given by the normal forces just outside the emission
surface even though in free space therc are self-forces on the particles.
(This latter fact may be significant for bodies with booms, where a long

e distance must be traversed by the electrons.)

For motion of the particles, some confusion exists due to the time
cenitering of the problem. A primary cause of this is the fact that, as a
‘ particle is injected into the problem, the first time step i1s important
since violent motion occurs in this step for low-particle energics. We
use a random time step for the injection so that low-energy particles do
not systematically leave the problem in one step; therefore, the centering
] is not strictly defined. Still, we have found the tollowing scheme
adequate.

N i N . >
Let the supersceript "+ denote new values and x the positicn and v
1 ]

] the velocity of the particle. ‘The particle is treated as being in three
E dimensions and rotated about the axis of symmetry back to o coordinate
' system, where one of the coordinates in Zero to suve storage.
Using the notation
. !

; Yo e .
§ . J )

. v

: b

4 -
J ! .

where ¢ 15 the velocity ot light,
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Making one iteration,

>
vt o= X%-+ 93%-[E + O.S(“\7+ + 3) x B] ,

Y my
Yy e B a9,
2me
and
>4 - 44
X = X + Vv At

where q and m are the charge and mass of the electron and At is the time
step. This oneration is followed by the abovementioned rotation which

involves taking a square root and is, therefore, not ideal.
A-4. DESCRIPTION OF CHARGED-PARTICLE MOTION BY CURRENTS

In the numerical solution of Maxwell's equations, currents are cval-
uated at discrete points in space and time. Particles, representing elec-
trons, move in a generalized coordinate system in time. An interpolation
schome must be constructed to translate the continuous motion of the par-
ticles into a set of discrete currents,  The scheme chosen 1s such that
the residual charge, as calculated trom the time integral of the diver-
gence of the current  is vero after a particle has passed into and then
out ot a region.  (This does not hold for boundary zones since currcents
outside the region of interest are not considered,)

In the present :(ming, currents are eviluated at cone centers in
theirr own direction and zone boundaries in perpendicular directions.

The coerrent 15 cime-centered,  Accordingly, as torced by the continuity
cquation, the charge densities are at zone boundaries in space and time,

The present objective 1s, then, to take a4 particle from point

a o

0 a
(”1’“"”3*t )




to the point

b b b b
(quqz’qsxt )
where tb = t> + At. That is, the currents representing such a translation

must be generater,
Since the grid spacing is uniform in the g's, linear interpolation
can be performed in the transverse coordinates. This can be seen from the

formulation
qb _ qa
S 1 s a At 1 1 s
Jp (¥, 5,k + 5) = Qp I:_——At Q, (1+1,J,k)]

0 (i+k,3,k) Aq) Q, (ivh,3,k} Ba, Qg (i+'5,5,K) bdg

L2 a . b 2, c& ael
IR e
i - |-=
Ay
A 2
. .
A - Q) + (q - ad) (e - t*)/ar
T x T At - U e
/_\q3 At

for poirnt (ql,qzqu) = [(i+%)Aq1,qu2,kAq3], pavticle of charge Qp' Here,
Jl is the current n the ql direction.

The first bracket contains the real-space particle velocity in the qi
direction. The second bracket contains the real-space volume element. The
integral reprecents the time-average fractional distance from the point or
interest in the transverse directions. It cuan be seen that the particle is
treated as a volume element in g space of dimensions Aql,qu,AqS, and the
integral represents the transverse ures overlapping the zone of interest.

The time limits are such that they are within the range of interest,
tb,ta, and the particle i1s within one zowe of the point of interest in its

linear traversal:

a b a Ry
ql = [q]} + (‘1] - q]) b ,T e ] .
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Qp =« -+ -,

4z = -« -

from point a to point b.
In practice, a particle is tracked from point & to point b in inter-
vals of zone crossings so that the appropriatec values of i, j, and k are

easily established. The treatment for J, and J3 is related to that of J

2 1
by the same symmetry as mentioned in the discussion of the field calcula-

tion pelow.
A-5. SOLUTION OF THE FIELD EQUATIONS

The numerical solution of Maxwell's equations is straightforward.
The initial conditions are that all fields and charge densities are zeroc.
The currents, as calculated from the motion of the charged particles
injected into the region (see below), are the quantities which drive the
time evolution of the fields. Thus, for a medium with the permittivity
(eo) and permcability (uo) of free space, Maxwell's equations reduce to

of:

05t " J+vxH

>
ol

2>
Mo BT &

>
= -V x

)

with the initial conditions

£ =0 at t = 0,
H=o0 at t = 0,

- . > . .
E xn =0 where n is the normal to the bounding surface.

Putting these equations invo numerical forw for solution is also
straightforward, and may be done directiy in two dimensions. However,
by perrorming the task in three dimensions, one 1s forced into a symmetry
which is very convenient and not obvious in the two-dimensional case.

‘o ceomplete the geometrical generality (and permit a simple method
of varying zone spacing), the space under consideration is taken to be
metrized by the generalized orthogonal coordinates (ql,qz,qs) where the

erder is cuch that rhe coordinate svstem is right-handed. Using the
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nctation of Margenau and Murphy, displacements in real space, ds, may he

related to displecements in ¢ space by the functions Q, where
ds = Qi dq1

Using this definition and the definition of the curl, Vx, as the path
integral of a quantity in the left-hand direction (Cauchy rule) around
a closed path divided by the area of the enclosed surface, Maxwell's

equations in finite-difference form can be represented by

ni’s .
~1 . . . . At n+ls . .
Exl1 (i+l,3,k) = B} (i+4s,j.K) - —— d? ® (i+',5,k)
‘ 0
1
. |
-~ ) L I © % PR R yen s
0 (42 (i+v}s,7.k) qu Q3 (i+},3,k) /_\__]:SS
b +1/ . . . . n+ 1 . . i . . ’
X%[HZ 2 ’\1+159J+!2"k) Q3 (\1+~1§’.1+1J2‘,1() qu - H3 "'(14.,1?’_]_,15,)() QZ\ (1+§/2,J_,1§’k) Aqﬁ-]
)
b 1
) [Hrzm (i+,3,k+1) Q) (i+'5,5,kes) bay, - H)' (05,5, k%) Q, (14,5, k-%) qu]s
and
) .
OS24 g ke, YT (0, 4, kely)

Attt

3'1() Qrgm-(-kyj""l'z’k*]ﬁ) qu QS (i,,i+!i)k+12' Aqs

;[ﬁ’}” (1,345, ke) Q, (1,341, ke13) bqq - 7'

{3 . e . . !
3 (1,0, k) Q (1,0 k) Aq?*]

- [}:‘;” (i34, ke 1) Q, (i, 3+, ko) aq, - BN (0,505,000 Q, (r, o, ) "“'b]z

with the continuity equation (not essential to devermining the tields, but
of interest Jor itself and for converting particle motion into eguivalent
currents) represented by

1. Margenau and . M. Murphy, The Mathematics of Physics and Choem- |

istry, Princeton, I'. van Nostrana Company, Inc. (195¢).
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2 ) Ath* z
Cy (1,3,k) aqy Q, (i.3,k) 8a, Q (i,j,k) Bqy

B
4

n+y .. R . .
+ [12 L (1,i+4,K Q (i,1+ %K) Aq; Q, (i+},3,Kk) b4

n+ks .. . ) S
- J2 : (113"15:1\) Ql (I’J"?;i)k) Aql QZ (ly]'liyk) Aqs]

n+ls . .. ..
[J3+ * (1’J )k+i/2,\) Ql (]’J lk+1/2) Aql Qz (153 ’k+'12’) qu

'n 4 1/ . . i . . . ’
S U5 L5, Q) (,5,k%) day Q, (5,3,k) qulg
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The notation used in these equations requires some comment. The super-
script vefers to the time step. Thus, some quantities are centered in time
and some are at poundaries in time. Corresponding to this, there are two
time steps: the time step connecting quantities centered in time Atn, ind
the time step connecting quantities at boundaries in time, At +s

Subscripts refer to directions in the generalized coordinate space.
Thus, E1 is the component of the ciectric fielu along the direction of a
displacement in space given by a displacement in ¢, at tae spatial point

!
in quertion. Quantities in parentheses refer to the position in space.
Thus, E (a,R,y) is evaluated at the point in space determined by the

1
coordinates

4y T oa Aql + ql(M\N) ,
4y = B84y 9y iy
L R R LTIV

where the minimum value of the coordinave 1s specified tor convenience,

allowing the spatial boundaries to be other than zero in the q space.

Akl A S D A LA LU T A T TR G B R L PRt SR PRI



i
f
3
i
§
¢
A
H

It will be noted that the grid spacing in q space is uniform. Fuw-
ther, if ore of the Q's is zero at a point of interest, the procedure
tails. In fact, at such points the coordinate system does not metrize
real space. The failure is that many points in q space correspond to
one point in real space. Such cases must be treated specially.

The equations for the other components orf the electric and magnetic
fields are obtained by cyclically permuting the integer subscripts and

the corresponding coordinates a, 8, and Y.
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ABSTRACT

General scaling laws have been previously derived and used for

numerous applications in electromagnetic theory. The purpose of this

appendix is to report investigations of the scaling laws specifically

for the nonlinear system-generated electromagnetic pulse (SGEMP) problem,
and to use the scaling laws to present parametric SGEMP calculations
applicable to a wide range of pertinent excitation parameters including
pulse width, fluence, energy spectrum, and object dimensions.

According to the scaling laws, if the pulse time history and object
dimensions are scaled by a factor a, the incident photon fluence is
scaled as 1/a, and the emitted electron energy distribution is unchanged,
the resulting electromagnetic response of a perfectly conducting body
will scale as shown in Table B-1.

Results of specific SGEMP calculations are preseated, using the
ABORC code in such a format as to make possible structural response

estimates for a wide variety of conditions. Interesting trends in the

response of simple objects as a function of excitation parameters are

observed and discussed.

B-1. INTRODUCTION

Ceneral scaling laws have been previously derived (Refs. 1,2) and
used for numerous applications in electromagnetic theory. This appendix
investigates the scaling laws specifically for the nonlinear system-
generated electromagnetic pulse (SGEMP) problem and, using the scaling

laws, presents parametric calculations applicable to a wide range of

lGeorge Sinclair, "Theory of Models of Electromagnetic Systems,
Proc. [RE, Vel. 36 (1948}, p. 1364-1370.
2T. N. Delmer et al., 'SGEMP Phenomenology and Computer Code

Develiopment,'” DNA 3653F, November 11, 1974.
3E. P. Wenaas, S. Rogers, and A. J. Woods, "Sensitivity of SGEMP

Response to Input Parameters,' IEEE Trans. Nucl. Sci. NS-22, December 1975.

46




v ] AR Y S AT M TS,

1 e ictor i e sl s g

pertinent excitation parameters (Ref. 3) including pulse width, fluence,
energy spectrum, and object dimensions. Interesting trends in the response

of a simple object to variations in the excitation parameters are noted

and discussed.

B-2., SCALING LAWS

The quantities most readily scaled are time t, object dimension r,
incident photon fluence ¢, and electron energy or velccity v. To determine
how electromagnetic quantities of interest scale with t, r, ¢, and v, one
need only substitute the scaled quantities shown below in the applicable
equations describing the electromagnetic response.

t7 = t/t ¢ = To
r* = v/R v® = Bv

For the linear regime where the electron motion is unaffected by the
electric and magnetic field for-es, the set of Maxwell's equations is
suffici¢ - t to describe the electromagnetic response of a perfectly
conducting body. Substituting the scaled quantities intc Maxwell's
equations results in the requirement that the nondimensional quantities
7 and R be equal and that the quantity B8 be unity. The resulting scaled
electromagnetic quantities for the linear regime are shown in Table B-1,
where R = v & «.

If the electron trajectories are affectcd by the electric or magnetic
fields (nonlinear regime), then Newton's first law describing electron
motion under the influence of electric and magnetic field forces must also
be considered. The additional requirement resulting from the scaling
substitution into Newton's law is that the nondimensional parameters

I and a must be equal. The resulting scaled electromagnetic quantities

applicable to the nonlinear regime are also shown in Table B-1.




A

Table B-1
SCALING LAWS

-—

Scaled Quantities  Scaled Quantities

Quantities (Linear Regine (Norlinear Regime)
Current density, J J* = alJ J° o= azJ
Charge density. p” = alp p” = azp
Electric field, E E” = TE E° = oF
Magnetic field, H H® = TH H” = oH
Potential difference, AV AV” = T/aAV AVT = AV
Current, 1 17 = I'/al 17 =1

B-3. RESULTS

SGEMP response calculations using the ABORC computer code (Ref. 4)
were nerformed parametrically as 2 function of the various excitation
parameters. Responses resulting from a wide range of excitation
parameter values can be displayed by utilizing the scaling laws.

As an example, calculations have been performed for the response of

a right circular cylinder of radius R exposed to a photon pulse of
fluence ¢ having a Planck radiation spectrum characterized by an energy £.
The pulse time history is proportional to sin2 [(mt/2)/t]. Note that
becaus= of the scaling laws. one need not sclect specific values for

all the various excitation parameters to display the results; they may

te displayed parametrically as functions of t/2wR/c, ¢R, and €. The
nondimensional quantity t/(2wR/c) is simply thke ratio of pulse rise time
tu the time vequired for light to travel around the object. The quantity
R is the product of fluence and object dimension which we define as the
"fluence-product,' having dimensions of cal/m in the mks system.

For purposes of this summary, the surface current at midpoint on the
side of the cylinder is the quantity chosen to characterize SGEMP response.

Results of the computer calculations are shown in Figures Bl and U,

48
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Figure B-2. Surface current versus spectrum energy for
different fluences. Dashed line shows locus of worst-
case response energv spectra for different fluences.

541




In Figure B-1, the total current flowing on the cylinder across

the midpoint is shown as a function of the fluence product for various

photon spectra. The following observations are drawn from Figure B-1,

e For characteristic energy in the range of 1 to 100 keV, the

response is essentially linear for fluence-products (Rd) less
than 10—2 cal/m. In this range, the softest spectrum yields

the largest emission current and, therefore, the largest
rasponse.

e The responses became nonlinear with increasing fluence products,
and the harder spectra yield higher responses because the more

energetic electrons in these spectra are less space-charge-limited.

In Figure B-2, the total current is shovn as a function of characteristic

energy for various fluence levels. The following observations can be .aade.

e At the lower fluences in the linear r:gime, the response falls off
as 1/& 2, which corresponds roughly to the fall-o"f in emission
current density with increasing photon energy.

At higher fluences, there is a definite peak in the maximum
response as a function of energy. Thu-, for a given fluence,

there is a Jdefined energy range whici: produces a worst-case resp. .ise.

The previous results have been obtained for a constant ratio cf pulse width

to object dimension.




BE-4. SUMMARY

Scaling laws for SGEMP excitation are defined.
SGEMP calculations have been performed and displayed in a compact
format using the scaling laws. Results are useful for making order-of-

magnitude external SGEMP response estimates for a wide variety of

excitation parameters,
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. ABSTRACT

Self-consistent, fully dynamic computer calculations were performed

, using the recently developed arbitrary body-of-revolution ccde ABORC .or
8 corplex geometries in SCIMP environments to test the validity of simpli-
3 fying geometry assumptinns nreviously made in the solutions of these
problems. Assumptions such as simple geometry representations of complex
bodies and separability of inside and outside vroblems are tested. Effects
of gaps, inuterior electrical paths, and booms pretruding from bodies are
discussed. High space-charge-limited results are emphasized.

The vesponse of simple bodies such as cylincers and spheres was
fourid to be similar to move complex gecmetries in terms of peak currents
and resnouse rise times, although much of the detail in terms of rescnanrt
frequercies, internal responses, and responses around reentrant bodies
is lost. The inside and outside responses of an object can be separated
in many cases even though both solutions by themselves are highly noniinear
and the leakage currents are relativelv large. The external response of a
v highly segmented body is similar to the response of a smoothly connected
| body of revolution. The internal response can be considerably different

Ti when a cnnducting path exists between the segments.
by C-1. INTRODUCTION

The problems associated with computing the SGEMP response of a complex
structure can e conveniently divided into two categories: the choice of
structural configuration that best represents the complex object, and the
choice of various input eacitation parameters for 1 given geometry. Problems
e assocrated with the response of different structural configurations are

tested in this paper, while problems associated wvith differences in excitation

1 parameters for a given configuration are treated in a companion papei (Ref. 1).
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The structural detail that can be treated by the SGEMP codes has
increased from simple spheres and cylinde.:s (Refs. 2,3) to two-dimensgional
arbitrary bodies of revolution (Ref. 4), and techniques are being developed
to treat fully sclf-consistent problems in three dimensions. The increase
in modeling detail has been pursued to gain a better understanding of the
SGEMP »esponse of complex structures, to determine how well the SGSMF
response of complex styructures are represented by simple bodies, and to
determine now mucn structural detsil must be included in the mogel to
represent well defined but quite complex geometries. The purpose of this
paper is to rerort onyoing investigations in this area, and in paiticular
to address (1) representation cf complex bodies by simple spheres and
cylinders, (2) separability of the internal response rrom the external
response, (3) representation of segmented bodies by continuous bodies, and
(4) response choracteristics of dumbbell objects censisting of twec large

bodies separated by a boom.
C-2. COMPUTATIONAL TECHNIQUE

The ABORC (arbitrary body-of-revolution) code {(hef. 4) used in this
study colves the coumplete set of Maxwell's equations with self-consistent
electron motion for axisymmetric geometries. Direct finite-differencing
of the field equations is done employing generalized coordinates, and
finite "particles" of chargc are follcwed through the spatial mesh of
zones to ob::in ciarvents. Emission of arbitrary energy, angular, svatial,
and time distributions of currents can be specitied. Randomizing techniquer
fecr the enission are employed for efficient representation of emission
distributions. Finite conductivities can be specified representing imperfect

conductors, and dielectric strrctures may be treated by specifying proper
dielectric constants.
RS Wenaas, S. H. Rogers, and A. J. Woods, "Sensitivity of SGEMP
response to Input Parameters," IEEE Conference on Nuclear and Space Radiation
Effects, July 14-17,1975.

27. N. Delmer et al., "SGEMP Phenomenology and Computer Code Development,™
DNA 3653F, November 11, 1974

JE. P. Wenaas et al., "Topics in SGEMP Analysis,” IRT document INTEL-RT
0001-080Q, February 25, 1974.

4T A. Tumolilln et al., "Skvmet Program: Current-Injection Predictioms,"
3 volumes, I[RT document INTEL-RT 8121-007, February 1975.
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The free-space boundary conditicn is treated by enclosing the entire
problem in a second cuter conducting body of revelution vather than by
utilizing a radiative boundary condition. Free-space solutions can be
obtained by moving the outer boundary out so the clear time (the time
at which veflections from the outer wall return to the structure) i.

laiger than the problem time of interest.

C-3. MODELING OF EXCiVTATION CTARAMETERS

All geometries have neen placed inside a cylind-ical outer enclosure
of 30 m length and dianeter. This provices for a clear time of about
100 nsec. Thus, free-space conditions for the satellite models axe
simulated for 8 period of time long compared to the assumed incident
photoi pulse, modeled as o symmatric triangle with a 10-nsec rise and
fall and a 10-nsec full width at half maximum ({WHM). The 10-nsec vulse
used in these siudies was chosen because it is approximately equal to the
transit time for light around the skynet satellite, thus allowing for
the possibility of exziting resonances on the structures. Results obtained
here may be ccaled vo othar obj2ct dimensions and pulse lengths using
appropriate scaling laws (Ref. 2). All geometry models are rotationally
symmetric, and ali surfaces are perfect conductors.

Electron emission curyents are specified from the variocus surfaces
of the bodies representing photo-electron emission. The emitted electron
energy cn2ctrum employved in all cases is shown in Figure C-1. The angular
distribution of emitted electrons is assumed to be proportional to cos 0
in all cases. Uniform rpratial distributions of emission currentes are assumed
ir. all cases except the Skynet model, although measarements inaicate a weak
dependence on the yield with the angie of incidence of the photons relative

to the surface (R:t. 5).

SM. .. Bernstein and X W. Paschen, "Forward and Buckward Phhtoemission

Yieids from Metals at Varioas Y.rayv Angies of Inciden-e,” IEEE Trans. Nucl.
Sci. NS-20 (1973).
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Figure (-1. The electron energy snectrum used in all photo-emissions
here is the reverse emission from A as computed by the POEM
code. The photon spectrum is a 50-keV b::zmsstrahlung spectrum
with 4 5-mil Mylar filter; the preponderance of photons lie
in the energy range from 7 to 50 keV (Refs. 6,7).

All emissions of currents are time-phased according to the time required
for the phctons to reach the emission point. The culculations have been
performed for two [{luence corditions which, for the spectrum indicated,
result in peak emission currents of 1.5 and 1600 amp/m2, Tne lower fluence
corresponds to levels at which the fields are small enough that no significant
elactron trajectory perturbaticns cccur and the problem is essentially
linear, while high fluence indicates significant modification of electrou
trajectories by the fieldu. Results presented here are primarily for the
high-fluerce regime where respoases are nonlinear and offective excitations
are shorter, causing higher-frequency response.

B Bradford, "X-Rey-Induce’ Electron Emission IT," IEEE Trans.
Nucl. Sci. NS-20 {1973).

T bl

J. Nvmﬁradford, TEEE Trans. Nucl. Sci. NS-19 (1972).
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All data for which time histories are presented are averaged over
1 nsec unless otherwise noted. This step is helpful in some cases for
interprating results due ty numerical hash which is caused by the particle
nature of the code.

The validity of some of the assumptions made here for photo-emission
specifications with respect to pcactical considerations can certainly be
questionecd. To assume the same spectrum for forward-emitted electrons
as for hackward-emitted electrons may not be unrealistic for surfaces such
as Mylar thermal blankets, but it is certainly noc realistic for thick
surfaces or where signjficantly differsnt marerials are present. To use
the same peak invensity and angular distribution from the sides of a
cy'inder as from the top cculd also be guestioned. However, as stated
befere, the purpose nf this paper is to investigate geometry erfects, and
we have cudeavored to keep the studies and results uncluttered with effects
and rumerous varameter variations which may cloud the geometry effects
theselves. Sensicivities of these excitation paramevers are treated in

the cenpanion vaper (Ref., 1).
C-4, UESPQNSE CHAPRACTERIZATICN

Wurs to charactervize the response of an otject inclvde electric and
magnetic fields, surface currents. charge densities, potenvials, etc.
Tnasmuch as we are interested in the response of the structure, the fields
at the surface of the structure are particularly useful, and in fact, the
norinal electric ficlid and tangertial magnetic field at the surface of a
perfectly conaucting bedy ave sufficient to cpecify charge densyties and
surface currents. I this paner, the magnetic flelds are uced primarily
to characterize the response, atthough it must he remembered that the

electric fields are just as important in many cases,
C-5. PREPRESENTALIONS 2F COM2LEX BCDVES BY SIWPLE BODTLS

The fi1rst issue to b addreszed ir how well complicated satellite

structures can ve represented vy rather simple bodies o4 revelution such




as a cylinder or sphere. This question is particularly relevant because
much of the previous modeling of the SGEMP respcnse of structures has
been performed with these simple bodies (Ref. 2). For purposes of this
study, we compare the response of the Skynet satellite (Ref. 4) of that
of a cylinder and sphere. A simplified representation of the satellite

is shown in Figure C-2, along with a simple cylinder of the same basic
dimensions and a sphere cf radius 0.72 m having a surface area equal to
that of the cylinder. The regions of emission on all three structures

are represented by the shaded areas on the surfaces. Higher electron
emission from regions of the satellite plated with gold are indicated by
10X, while regions of the satellite with lower emission are indicated

by 0.2X. No emission is assumed from the inside of the outer wall because
this surface is ccoated with low-Z material which emits fewer electrons.
The outer wall is modeled as an electrically isolated surface to represent
its being held in place by dielectric braces. In reality, the outer
structure is electrically connected by means of solar cell cables, but
these cables cannot be modeled by a body of revolution without disastrous
results for the structural response. The problem of two bodies connected
by a cable or thin rod is treated in subsequent sections.

The regions of emission on the ocuter surface for the three bodies ale
chosen %0 that the emission surface areas are approximately equal. Half-
sphere emission is chosen for the sphere to generate worst-case surface
currvents for the spherical model. This constraint, along with that of

aequal emission surfuce areas, requires an unrealistic emission pattern
from the cylindrical object in which emission occurs over the top half of
the structure enly. Thus, it is evident that the sphere huas at least one
shortcoming in moldeling a cylindrical structure.

Results in terms of the magnetic fields at the center of the side
surfaces of the three models for the high-fluence case are shown in Figure
(-3. The predi~ted peak corrents for the three structures are similar,
although the simple models fail to reproduce the resonant behavior exhib-
ited by the more complicated body.  In weneral, the modeling of the exter-

for suriaee curvents by osimpie bodies appears to be reasonable.
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The response of the complex body is shown in Figure (-1 at ua scoond
point within the reentrant portion of the structure which has no parailel
on the simple bodies. The response at this point is quite different from
the responses exhibited by the simple bodies. Thus, we conclude that simple
bodies can reascnably model the external response at least in terms of peak

currents, but that thevy cannot model features introduced by complex struc-
tures such as reentrant bodies.
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Figure C-4. Magnetic field betweer equipme box and outer wali for Skynet
satellite model. The ‘ak emis. on current i 1500 amp/mZ,
corresponding to a hig 5pa-charge~limited “olution.

& C-6. SEPARAFILIT - OF TNTHRNAL ANu XTI AL RESPONSI

The modeling of the S 7 response of « = lex bodies

us ally
performed by senmarating the 1. wnse of the int.rne  portion of ~he problem
g from that of the external 2ortion. Thus, th details of tha internal
:' nonlinear recponse are assumed .- be unperturced by external emission and

vice versa. Leakage currents between the '‘nterior and ~xterior are con-

sidered although they are asscwed to represte  a swmall perturbation, and




the two solutions are assumsd to be wdditive. Obviously, this assumption
is valid in the low-level linear regime where field coupling, even if
significant, will not affect the ele¢ctron motion. Thaus the separability
issue is treated here for the high-fluence, nonlinear response only,

The geometyy of Figure C-3 has been chosen because such a configura-
tion, with the relatively large 9-cm gap, vas thouglt to maximize the
coupiing between tiwe external and internal respcnse, thus tending to rep-
resent a worst case. In fact, it will be shown in the fpllowing section
that the coupling of the two resyponses is much less severe for a siwmilar
object without the center rod. A gay of © cm is larger than wost gaps in
actual satellites, and this again tends to ve worst-case.

The electric and nagnetic fields were computed at the four points
shown: in Figure C-5 for emission from the surfaces indicated Ly the shaded
and dashed lines.

Three cases were considered, including (1) external emission onlyv,
(2) internal emission only, and (3) simultaneous internal and external
emissicn. The resulting exterior magnetic field at point 1 iz shown in
Figure C-6 for exterior emission only and interior emicsion only. The
resulting interior magnetic field at point 2 is shown in Figure C-7, again
for exterior emission only and interior emission only. It is evident from
thess results that emission from the external surfaces causes currents to
flow on the interior which are on the same order as those produced by
internal ewission, but that the ~onverse is not true. That is, currents
produced by euissior on the inside do not cause large structural currents
on the outside.

Tne magnetic fields are n~t the entire story, however. Perturbations
in the nontinear response arise from perturbations in the electric field
rather than the ma:.metic field (e.g., the nonlinearity in electron trajec-
tories is caused primarily by the electric field, notr the magnati. field).
Thus, the strong coupling of the outside current to the inside does not
necessarily mean that nonlinear internal response cannot be computed
separately from the external response. The peak fields are summarized in

Table 1, snd the fields at two points in time in Table 2, where it is

evident that the electric field coupling from the inside to outside is
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Tabie C-1

L PEAK FIELDS AT POINTS INDICATED IN FIGURE C-5 FOR (1) INSIDE EMISSION ONLY,
" : {2) OUTSIDE EMISSION ONLY, (3) SUMMATION OF INSIDE ALONE AND OUTSIDE ALONE,
3 AND (4) SIMULTANEQUS EMISSION (UNITS ARE amp/m OR V/m)

]
H
¥
!

4

Sl

;Qf Inside OQutside Superposition of Inside-
Emission Emission  Only and Qutside-Only Simultaneous
Field Points Only Only Solutions Emission

H1 3.1 15 18 20
H, -104 -80 -184 -128
H3 -116 -75 -191 -136
H -3.7 ~3.2 -6.7 -4.2

4 4 5 5 5
E 2.0x10 1.1x10° 1.2x10 1.1x10

! 5 4 5 5
E -1.1x10 -2.0x10 -1.3x10 ~1.1x10

2 4 4 4 4
E, 2.0x1Q 2.0x10 4.0x10 2.6x10
E4 »2,2x104 w3.1x104 —S.le()4 —3.4x104

b Table C-2
b FIELD VALUES AT POSITIONS INDICATED FOR (1) INSIDE EMISSION ONLY,
() OUTSIDE EMTISSION ONLY, (3) SUMMATION OF INSIDE ALONE AND OUTSIDF ALONE,
AND (4) SIMULTANEQUS EMISSION; FIELDS INDICAVED AT 10 nscc,
T APPROXIMATE TIME OF PEAK UF INTERNAL RESPONSE (UNITS ARE V/m)

Inside  Outside  Superpositicn of Inside-

5? ‘ Emission Emissior. Only and Qutside-Only Simultancous
By Field Points Only Only Solutions Emission
of
| Time = 10 nsec
0
R E, (outside) 1.1x105 1 1x10" 1.lxlo§
.1' E, linside) 1.1x10°  -7.7x10° ~l.2xl0§ —E.lx]O?
’gv £, (insile) 1.4x10: ~7.7x102 o.3xlo; o.5x10:
1;; E, (outside)  2.6xiG" -6.9x10) <4, 3x10° ~4.5x10
] Time = 30 nsec
g i (outside 5,7x102 2.9410i 3.5x1uz 2.7x10:
g E, (inside) ~7.nx1o; -Z.3x105 -9.8x10; —S.leﬂ;
ES (‘nside) I.hxlﬂd 1.7x104 3..’;‘;(10{i 1.9x104
' E4 (ouvside) -1.2x50 -2.4x10 -3.6310 -2.4x10
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weak, and vice vesrsa. Thus, there is every reason to believe that the two

nonlinear solutions can be computed separately. This conclusion is demon-

strated in Figures C-8 and C-9, where the solutions obtained by adding

IR S ol

2 ‘ the response due to external emission alone to the response from internal

emission al-ne are compared to thz response with simultaneous emission

from the inside and outside. Thus, the internal and external responses
appear to be separable in that the noulinsar responses may be computed
independently. However, the external response is in general not isolated

from the internal response, and the field leakage must be considerea.

fSSsspaey .
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; .;§ ) N Iy
3 N \‘ '
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0.09 m >\\N\~ by __,w«*< 0.8 m

— . |
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4® e —
PUINTS L
? RT-11858

Figure C-%. Geometrv utilized in separability study. Four field points
ar: considered as indicnted. The radial position for H-fieics
is 0.34 m and for E.fields 0.41 m.
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Figure C-6. Magnetic field at point 1 outside the cylinder obtained
with exterior emis ion alone compared with the response
at the same peint produced by interior emission alone
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Figure C-7.

Magnetic fieid at point 2 ins.de c¢yiinder obtained with
internal emission alone compared with response at same

point produced by external emission alond
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ing the response from inside emission alcne te the vesponse from

outside emission alone compared to the response at the same point
obtained by simultanecus emission from the inside and outside
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9. Magnetic field at peint 2 inside the .vlinder obtained by adding
the response from inside emission alcne to the response from out-
side emission alone compared to the response at the same roint
obtained by simultanecus emission !rom the inside and outside.
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C-~7. SEGMENTED-BODY EFFECTS

Satellite bodies have generally been represcented by continuous bodies
of revolution for purposes of SGEMP calculations, although many of the
spacecraft manufacturers have designed these systems with segmented penels,
as shown in Figure C-10a. Although this type of segmentation canmnot be
modeled with codes limited to rctational symmetry, we can gain insight into
the response of segmented bodies by considering segmentation in the axial
direction, as shown in Figure C-10:. “he figure without a connecting rod
simulates truly isolated panels, wnile the configuration with a connecting
rod simulates an iaternal conrnectior between panels sich as a solar cell
cable.

Computations were performed with the three bodies shown in Figure
C-10b with equal emission from the top half of each cylinder. Peak ficld
values are shown in Table C-3 for the three geometries. The table reveais
very small differences between outside peak field values due to segmenting
or interior return paths. The slight difference in the peak electric field
at the back in the separated cylinder case is due to the lack of charge
transfer to the bottom half of the cylinder in that case. A verv signifi-
cant effect on the interior magnetic field is seen, due to large currents
on the interior of the body fiowing through the rod.

The c¢xternal magnetic field wnear the top oy the c¢ylinder is shown iu
Figure C-11 for the case of high space-charge-limiting. It is quite evi-
Jent that the response is essentially the same for these objects. Similer
results also hold for the magnetic fields at other points on the external
surfaces.

Differences in electric fields on the lnwer half of the cylinder should
be evident in the isolated cylinder as compared vo the conducting cylinder
due to the difference 1n charge transfer. (The late-time clectric field on
the lower nalf of the solid body should be larger than on the 1solated body
because transferred charge can be redistributed on the solid body whiie it
cannot redistribute in the isolated case except by capacitive coupling.)
Expected differences in the late-time electric fields at the bottom of the

cylinder are evideat in Figure €-12.
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a. TYPICAL SATELLITE SEGMENTATION

EMISSION
SURFACES

SEGMENTED, HOLLOW SCGMENTED, HOLLOW ,
CVLINDER CYLINDER WITH ROD SOLID CYLINDER

b. SEGMEMNTED BODIES UTILIZED FOR EXAMINING SEGMENTED BODY EFFECTS. THE
STAPLL CYLINDER AT RIGHT IS COMPARED WITH RESULTS.

RT-11863

Figure C-i0(a),(b). Typical and presently calcuiabie scegmented
bodies in nenlinear SGEMP




Table C-3
PEAK FIFLD VALUES AT POSIiTIONS INDICATED®
ON A SIMPLE CYLINDER AND SEGMENTED CYLINDERS CBTATNED
AT HIGB FLUENCE (UNITS ARE amp/m OR V/m)

EMISSTON FIELD
SURFACES POINTS

3
- \
Hollow Segmented
Solid Cylinder Hollow Cylinder
Fiel:l Cylinder Segmented Connected by Rod
Hl 13 14 14
13 -
JZ 0 5 &0
H3 0 6 -75
H -4.9 -3.2 -3.2
4 5 5 5
E1 1.1x10 1.1x10 1.1x310
B 0 2.8x10% ~1.8x10"
2 4 4
E, 0 -1.2x10 2.0x10
) 4 4 4
E4 -3.1x10 -1.5x10 -3.1x10

4points 2 and 3 are inside the top and bottom walis of
the cylinders, respectively. Radial »nosition for H
values is 0.34 m, for E values 0.41 m.
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Figure C-11. Exterior magentic fields at top surface (radius €.34 m)
versus time for simple and segmented ~ylinders shewn in

Figure C-10
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Exterior electric field at point 4 (radius 0.41 m) outside

the cylinder at bottom for simple and segmented cylinders.

Peak emission current of 1500 amp/mZ, corresnhonding tc hign
space-charge-limiting, was used.

Figure C-12.

71




R R T s~

Th2 internal response of the isolated r- linder is markedly different
from the response of the cyliader with the rod, however. This isf not sur-
prising i1 as much as currert is driver internally because of the transfar
of charge between segments. Large low-frequency nscillations are evident,
representative of an LC circuit consisting ¢f the inductance of the zod
and capacity of the segments.

1o summary, the wodeling of the gross external currerts of a segmented
body can be well represented by a body of revnlution, but “n gensral, the

response witkhin the obiest is lcst by such simple modeling.
C-%. DUMRBELL GEOMETEY

Anothey facet o) modeling which has been exploved is a geometrical
configuration consisting of two reiatively larye bodies separated by a
thin rcd or boow. Such a configuration night correspond to the cass of
solar paddle:s extending fiom a sateliite body.

The dumbbell geometry shown in Figure C-13 was chosen for this study.
e dimeusious of thke main bedy are toe same as those of the iseclated
cvlinders treated previcusly. 3Boom lengths of 1 and 2 m were considered,

with a smaller b~dy attached to the ead. The boom 1adius was held constant.

- 'D.4n|Fﬁb~
T

ILSSTON

£y
/ SURFACES

D09 m

RT- 11865

Fiyure C-13, Dumbbell geometry cuiculated with ABORC for study of seperate
bondies concected by booms. Boom lengths of 1 and 2 m are
concidered.
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Zalculations were pertormed for emission from the top and side of the

B e s et e i o ]

simall cylinder and from the top half of the large cylinder, as shown in
the figurs. Thus, the emicsion from the larger cylinder is identical to
that used in the isolated-cylinder studies.

Figure C-14 shous the magnetic field responses at the midpoint of the
larger cylinder of the dumbbell compared to results obtained by treating
the larger cylirnder separately. The respcnses at this point are strikingly
similar, indicating that the boom and small attached object do not signi-
ficantly perturb these fields on the side surface of the large cylinder at
this high-fluence level.

The response of the boom is shown in Figure C-15 for boom lengths of
1 and 2 m. It is evident that the response on the boom is significantly
different from the response on the body. The large resonances appear to
be characteristic of ar LC circuit consisting of the inductance of the
dumbbell ard the capacity of the two bodies. The resonant frequency
decreases with increasing boom length, as expected.

Peak H-fields in the boom =re significantly higher than on the sides
of the body, but the totai peak currents flowing on the boom are less than

on the large body:

le

=~ 138G ~ s
Iboom H x 2nr 135 x 2n{0.07) 57 amps ,

iz

! A (! ~ 1 S
Iboom 42 x 4w(02.7) 80 amps

Thus, 1t is evident why the prescnce of the boom does not significuntly
perturb the response of the larger cylinder. The currents on the boom
are lower than on the surface of the body due to effective cancellation
from currents emitted to infinity from each body.

At the higher fluence levels treated here, ¢he space-charge-limited
responses of each body appear te be somewhat decoupled. As indicated in
Table C-4, the peak magnetic fields do not change signiticantly as the two
bodies are moved furvher apart, indicating that the trajectories of elec-
trons emitted from the two bod es are not alvered by the presence of each
other. In the case of lower space-charge-limiting, where a large number
of electron trajectories would reach out to distances on the order of the

separation »of hodies, however, we would expect much more coupling.




"2an8TJ 9yl UT 0P 9ya Aq palBOIPUT SEB ‘ISpUITAD a8ael oyl FO 1931uU3d
ay3 2e st jurod pioty ayj, -Surzturi-sdreys-aoeds yd1y e [regqQuUNp E puUT
ISpUITAD a1dIIS B I0J SWI3 sSnsIdA spiat3d ot3oudew (338338 Apaq psiuswdas -¢1-3 aand1ryg

(o9su) InIL
001 06 08 0/ 09 05 Ot 0¢ 0z 0l
I I I _ I _ T T T 8-

(9]

173€GWNa qu
~
- ] o
~y =
' =
=
o
P e
™M
o
B =
—

74




Sy33uay wooq USILFFITP YIIM 22uUdnlJ
Y31y 38 L135w098 [1oqQuUNp I0J SWII SNSISA W /(' 0 sniped
3® WOOq sy3 IBdU PTaTF OT3audew (3159339 £poq-pajusuifes ‘G7-5 sandry

(dasu) 3IWIL
09 05 ob

1 | 1

£9311-1¥

(w/dwe) 1114 DILINIVKW




Table C-4

SEGMENTED-BODY LFFECT; PEAK MAGNETIC FIELD VALUES
AT POINTS INDICATED AND OSCILLATiON PERIODS FOR A CYLINDER
COMPARED TO A DUMBBELL CONFIGURATION AT ilIGH FLUENCE

\

ll1 (amp/m) 2 -135 -127
H2 (amp/m) -43 -41 -44
tosc (nsec) 0 N3G W1

C-9. SUMMARY AND CONCLUSIONS

The self-consistent, fully dynamic ABORC code for rotationally sym-
metric bodies has been employed on a number of bodies to investigate the
effects of approximations of geometries in analyzing the SGEMP response
of a system. We arrive at the following tentative conclusions based on
this relatively small number of geometrical studies.

1. The response of simple bodies such as cylirders and spheres
is similar tc more complex geometries in terms of peak cur-
rents and response times.

2. The inside and outside responses of an object can be sep-
arated to first order in many cases, cven though both solu-
tions by themselves are highly nonlinear and the leakage

currents are relatively large. fSome interaction of the
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internal and external responses was ceen, and that is
undoubtedly geometry-dependent.

The external response of 2 Lighly segmented conducting body
is similar to the response of a smoothly conuected body of
revolution. The internal response can be considerably dif-
ferent when a conducting path exists between the segmehts.
The response then contains a long low-frequency oscillatiovn
similar to the response of an LC circuit consistirg of the
inductance cf the interconnecting rod and the capacity of
the segments.

The space-charge-iimiting characteristics of two large
objects separated by a distance large compared to tne dimen-

sion of the space-charge barrier are relativelr unperturbed

by the presence of each other,

_a
]
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APPENDIX D

NUMERICAL SENSITIVITY CONSIDERATIONS IN ABORC CALCULATIONS
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b-1. INTRODUCTION

A question which must be considered with every calculation made by
5 finite-difference/particle-mover code is how sensitive the results are
to the numerical grids and particle statistics employed in the proeblem.
This issue is particularly important when calculations are being compared
where only minor changes in input are being considered to determine effects
on response. In this appendix, some results of varicus grid sensitivity
investigations carried out during the course of several projects arve
presented., The goal is to demonstrate how to evaluzte ABORC calculationg
for numerical grid sensitivity. Some example caiculations are shown, and
parameters useful in mzasuring calculational quality are discussed.

This discussion is an outgrowth of several projecty, and therefore,
the examples may be mildly disjointed. The principles discussed apply

to a broad spectrum of conditions, however.
D-2. ABORC GRIDS

Grids which miast be specified in ABORC calculations are:
Spatial zoning,
Time steps,
Energy bins,
Angular distributions,
Emission spatial zones.
The first three grid types are considered here. Results of variations
¢f the last two inputs on SGEMP-IEMP calculations can be found in Refer-
ences 1 and 2.

-ﬂmwwjﬁ. P. Wenass, S. Rogers, and A. J. Woods, '"Sensitivity ot 5GEMP
Response t¢ Input Parameters,' TELE Trans. Nuc. Sci., Vol. Eﬁ;gg, Dec. 1975,
p. 2362,

<E. P, deFlomb and A. J. Woods, "TEOIEM-RZ and RO: Two-Dimensional
Time-Dependent IEMP Computer Codes,' DNA 3140F, Mar. 10, 1973.
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Considerations which must be made in choosing ABORC grids are summar-
ized below.
Resolutior. of object
Resolution of time response
Pulse shape
Electron velocity
Clear tine
Field gradients
Statistical noise
Computer run time
Computer memory
Object resolution can require fine grids if effects of re-entrant
bodies are being considered, or if body shapes are unnatural for the
cylindrical coordinates employed in ABORC, or if pulse lengths are short
compared to object dimensions. For simple cylinders, however, body
resolution is usually not a restriction. Time response resolution
requirements also must be considered, particularly if the problem is
very dynamic. At least 5 or 6 grid points are required for accurate
transmission of wavelengths. Shorter wavelengths are distorted or do
not propogate threcugh the gird at all (Ref. 3). Obviously, the pulse
shape must be considered in choosing time steps and spatial grids if
it is short or has fine structure which should be resolved. Electron
velocity is important in that the distance travelled by the electren:
in a time step should be roughly compatible with grid spacing and field
gradient distances. Clear-time requicements, or time for radiation to
be refle-ted back to the inner object from the outer tank walls, generally
determine the outer cylinder size because ABORC dozs not have a free-
space boundary condition. A large clear time results in large outer
zone and charge zone size changes, especially if small object detail or
space-charge barvriers are being resolved,
Distances over which fields change significantly should also be
considered in choosing space and time zones. Any gross discrepancy in

31 P, Boris, "Relativistic Plasma Simulation-Optimization of a
Hybrid Code," Proc. Fourth Conference on pumerical Simulation of
Plasmas, NRL, 1970.




which resolution of a space-charge barrier much smaller than :he minimum
spatial zone size is attempted, for example, is bound to result in grid-
dependent results. Computer memory available limits the code to 100 by
109 spatial zones at present.

Statistical noise, due to finite particles of charge crashing through
the spatial mesh, decreases with the number of particles. Computer run
time usually limits the number of particles, however. The time required
for both particles and fields is shown below in 7600 central processor
(CP) seconds.

Particles: 3 x 1077 sec/particle step
Fields: 107> sec/zone step

These numbers translate into about 5 minutes of CP time for a calcu-
lation with ar average of 3000 particles follewed for 300 steps through a
spatial mesh of 70 by 40 axial and radial zones. The present cost for
such 2 calculation at a government installation is about $100. While the
field solution portion of the code is programmed very efficiently, very
little optimization of the particle-pusher coding has Leen performed to
date. Present run times could be reduced considerably through efficiency
measures .

Dbviously, the large number of considerations in choosing grids
prohibits writing down an exact formula for grids which always work
without resuiting in unreasonable computer time requirements. Also, to
even suggest that all of the above are important in producing grid-
independent results is somewhat speculative. For example, the requirement
of limiting the distances over which particles travel in each time step

to dimensions small or comparable to distances over which fields acting

on them chunge considerably seems intuitively very reasonable. The problem

1s so complicated in a case with many particles ot ditferent energies that
results might smooth out and give correct responses even though trajectories
of individual particles might be grossly different from reality. The best
way to know tor certain is to vary grids while holding physical properties
of a calculurtion constant, and compare responses. In the following sections,
results of some of these grid varitations are shown, and discussion of some
of the parameters which determine numerical quality of the calculations is

givea.
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Table D-2
NUMERICAIL GRID SPECIFICATIONS FOR MEDIUM- AND HIGH-FLUENCE ZONING STUDIES

Medium-Fluence High-Fluence
A B A B
Minimum zone size (m) 0.005 0.02 0.002 0.005
Number of emission 3 7 4 4
zones
Energy bins 15 15 10 10
Time step (sec)
particles  1.00x100  1.00x107!0 2 5x107M! 2.5x107 11
. -11 -10 -12 e
Light 1.11x10 3.33x10 4.17x10 8.35x10
Number cf particles 5, 2273 1258 1320
in system at 10 nsec
¥ P 3 -~
Total CPU time to "7 36 299 160

10 nsec (sec)

Exact axial zones above the emission surface can be seen in Figures
D-2 and D-3 (similar variations in radial zones were undertaken simultin-
cously), along with effects on normal electric ficlds in the space-charge
rarrier when zone sizes are varied. Figure D-2 is for moderate SCL, while
Figure D-3 is for very high SCL. Notice the much steeper gradients and
higher tields in the Ligh-5CL case. It is obvious that the particles will
sce a considerably higher clectric Tield right near the emission face with
the fine zoning than with the coarser zoning. Tnis is also true in the
medium-SCL case, only much less pronounced. 1t would be reasonable, there-
fore, to expect zone size =ensitivity in the high-SCL case to be more pro-
nounced than ir the moderate-SCL case.  Also notice that much coarser zones
can be emploved at lower fluences without resultant unreasonable changes
i faelds from pgrid peint to grid point.

Time histories of thelds ot several positions arornd ne object are
found in Figures D=3 and D=5, Fiyure -4 is for medivm iteence aod -5
for high tluence.  The curves are smoo hed with a Q. 5-nsec time constant

in the medium-flucenve case and 002-nsec in the high-fluence case. The




D-3. RESULTS OF GRID STUDIES

Fluence Dependence of Grid Reguirements

Of the considerations mentinned above for choosing grid sizes in
ABORC caiculations, the resoluti..n of field gradients has been one of
the most consistent problems in producing grid-independent responses.
Gradients are not gencrally a problem for low-fluence conditions in
SGEMF.

As fluence is increased and the electrons are turned back by fields,
very large charge densities can build up close to the object's emitting
surfaces. The dictance over which the electric field changes by a factor
of 10 can be as little as 2 or 3 cm fo. fluences and spectra of interest,
while the cbject may be 3 m long. Such l:-ge differences in zone
requirements to describe both the cpace-charge barrier and the object
cause concern over the spatial zone dependences of results.

To irvestigate spatial zone sensitivities, calculations were per-
formed in which spatial grids were changed while holding all other
parameters constant. The comparisons were made at irtermediate and high
SCL. Physical problem coaditions are listed in Table D-1 and numerical

grids in Table D-Z. Electron emiscion results were obtained from QUICKEZ.

Table D-1

TEST PROBLEM DESCRIPTIONS
FOR ZONING STUDIES

Pvcblem Geometry Cylinder with lengtii = diameter = 3 m
Clear Tine Greater than simulation tiwe
Electrca Emission

Emission Surface: top + half side uniform

Spectrum: see Figure D-1

Angular distribution: cos ©

Time history: medium fluence: 10-nsec rise, 40-usec fall

high fluence; s.in2 pulse with 17-nsec rise

i
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medium-fluence curves show almost complete indepvendence of the grid chance,
whereas substantial differences are seen in the high-level case, especially
for field quantities evalaated in regions wherc many parti lcs are present.
The curves permit several conclusions to be drawn regarding spatial zone
requirements in ABORC calculations:

¢ Spatial grid reguirements ave fluence-dependent.

*» Time histories of fields near the object are virtually spatial-
zone-independent for zoning in which electric fields fall orf
less than a factor of two for each zone (sce Figures D-2 and
D-4).

« Spatial zone dependence of results is observed for electric
fields falling off by a factor of three in one zone (Figures
D-3 and D-5).

- Sensitivity of response to spatial zoning is greatest in regions
close to the space-charge barriers (Figure D-5a versus Figure

D-5d) — i.e., where many particles of charge are present.

REFERENCES

1. E. P. Wenaas, 5. Rogers, and A. J. Woods, "Sensitivity of SGEMP
Reponse to Input Parameters,' TEEE Trans. Nucl. Sci. N§-22, Becember
1978

2. E. P. dePlomb and A. J. Woods, "TEDIEM-RZ and KJ: Two-Dimensional
Time-Dependent 1EMP Computer Code, "DNA 3140F, March 10, 1973,

3. J. P. Boris, "Relativistic Plasma Simulation-Optimization of a

NRL (1970).

25

tu

el SRS,

¥
E-w,.%’, e cti s



Apnis 173339 271$-suoz ul padordws wnxidads £31aue uwo13ldaly  i-g 3Ind1y

{A31) AYdIN] page |~ 1

- T T T T =

(e}
pusg

)
[

——
[

Ke
XL

/ 21

[ASW/102/5U04323(3) au

L

B

AR RAE ot




| ] | IR ] 1 LR { A L BN
.5 o !
0 — o
& c Vv
o] o V AL =002 m
o) o) = 5 n
Je - 380 amp/mz VO AZ 0.0J m

10 nsec % ]

TIME =
tRISE = 11 nsec %O
v,
104 - % =
- — l—0.75 1 ° 7
_ l o i

:Ez ALONG THIS LINE

{(v/m)

£
z
!
c
L i

= (o)

10° |~ -
- o) =t
el v —
- O | SIGN -

CHANGE

-a——— T EMISSION FACE o

102 1 [ | 1 t - 1 L1
0.001 0 01 n.? 1.0

RT-13665 DISTANCE FROM EMISSION FACE (m)

Figure D-2  Disvributions of normal clectric fietd near peuk of emission
current pulse for different spatial zonings., All field points
near the emission face are plotred.

b tateant® e



6
10" 1 T T7 I T T T7 T T
- v
© VAL =0.005m ]
[~ © Az =0.02m -
o

107

g ™ I ' o —
zZ —1F—0.75m v
N | £ ALONG THIS LINE o
10° . ) v -
- Je = 8 x 10" amp/m -
-~ TIME = 10 nsec -
| tpygp = 17 nsec v |
v
| S, feg C
- TO EMISSION FACE SIGN .
CHANGE
194 L N I | ! R 1 A |
0.001 0.01 0.1 1.0
RT-13666 DISTANCE FROM EMISSION FACE (m)

Distributions ¢f normal electric field near peak of emission
current pulse for different spatial zonings. All field points
ave plotted.

Figure D-3.

88




R TR

W TR

T

o g L ST NN

R T

S

P

-
10x
8x
=
~
-t
[y}

RYT-136467

Figur

10

AZ = 0.005 m v

1 1 1

—

s

l-da.

10 20 30
TIME (nsec)

Electric field time histories at toup of cylinder at
G.75 m for medium SCL, obtained witn minimum spatial
of 0.02 and (.005 m

89

40

radius
ZOnINES

e A TR




‘ ! ! ! ]
-
=
S
(o8
% —
=
©
I @]
40
RT-13668 TIME (nsec)

Magnetic field time histories at side of cylindey 0,325 m

Figure D-db.
from top for medium SCL, obtained with mintmum spatial

zonines of 0,02 and O.005

90




R i N UG LA LTSRN ST TR PSPPI

—
=
~
joR amed
=
1<}
~—
&
p

[ I
20 30 40

TIME (nsec)

RT-13669

Figure p-4¢.  Mapnetic field time hiotories at side of cylinueer 1.6 m
from top for mediuvm SCL, obtained with minimam spatial

zontngs of 0,02 and 0.005

Q]




e RN A ARG e -4

LN B BRY LN O e e A oS RO SR B S e s, e

AR AT b ke

H¢ (amp/m)

A = 0.02 m -]

AL = 0.005 m ]

! I

-10

RV~ 13670

Figure D-4d.

10 20 30 40
TIME (nsec)

Magnetic field time histories at side of cylinder 2.4 m
from top for medium SCIL, obtained with minimum spatial
zonings of 0 02 and 0.005 m

N2



R R N TALIE E A SRR

B W S P R T S

18 | T T

—
[#a]
|

12 |- n =|J"l

— ol ! ]
£ AZ = 0.02 m HRTY (% b
S or A TARA A\
o ! v
fi
-
6 — P 4 v -
/
rd
/
/ "\
3 y/ AJ = 0.00% m —
/
0 | f i ;
0 5 10 15 20

AT-13671 TIME (nsec)

Figure D-5a. Electric field time histories at top of cylinder at
radius 0.75 m for high SCL, obtained with mintmum
spatial zonings of 0.02 and 0.005 m. The fields are
¢vatuated at the first axial grid position above the
emitting surface. See Figure D-3 for electric field
comparison at same positions for the two cases.




A AZ = 0.005 m —

— e n wptn

I
|
L.,:
~-4{) Y | —
! v
: ¥ :!
1] J
-60 - I‘l —

1 1 v ]
Q 5 10 ]

RT-13672 TIME {nsec)

Magnetic field time historics at side of cylinder

Figure D-5b.
0.425 m from top for high SCL, obtained with minimam

spatial zonings ot 0.0 and 0.005 m




-20

H¢ (amp/m)
1

-40 M~

_§_ A7 = 0.005 m —

\
4
//
Al = 0.02m

] |

RT-13673

Figure D-5c¢.

10 15 20
TIME (nsec)

Magnetic field time histories at side of cylinder
.6 m from top for high SCL, obtained with minimum
spatial zonings of 0.02 and 0.605 m

g



1
uld

TS, T

Pr—

e

N T I i . L I PN A o~ vl
¥
%

0 —

€ \
T~
£
5 -0 - -
<>
s
15 = 0.005 m —
_')( — ]
<0 AL = 0.02 m
~
N
-5 1 1 i
. > 10 15 26
RT-13674 THAE (nzcc)

Figure D-5d,  Magnetic field time histories at side of c¢ylinder
2.4 m trom top for high SCL, obtained with minimum
spatial zonings of 0.02 and 0.0065 m

96



Ll LN i A i il e i e e L e e T

APPENDIX E

USER'S MANUAL FOR ABORC AND PERIPHERAL COMPUTER CODES
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E-1. INTRODUCTION

This appendix contains a user's manual for ABORC and for peripheral
codes PLOTALL and MOVIE. Iniormation relating to specific computer require-
ments for the system is given, a flow chart is presented, inputs are
described, and a sample calculation is illustrated. The particulars of
generating overlaid plots and creating computer MOVIES are alsc spelled
out in "cookbook" fashion, with examples provided. The PLOTALL and MOVIE
codes are described in some detail because they can be used to operate on
data from other electron emission and SGEMP, and because they are documented

in no other place.
E-2. ABORC COMPUTER REQUIREMENTS

ABORC is a FORTRAN IV cumputer program operational on the CDC 7630
system. The code consists of about 3500 cards, including all FOKTRAN
programs used. No machine language routines are employed. The code cur-
rently is dimensioned for about 160,000 (octal) words of fast memory stor-
age and about 720,000 (octal) words of large-core storage. One fast-
access file is required during execution, although two are used if the
movie option is invoked by the programmer. Run time of the code varies
fron 1 to 30 CPU minutes on the CDC 7600 computer, depending on problem
conditions.

An automatic warn time is programmed into ABORC so that sufficient
time is allowed to save plot files and perform graphics functions even
if the computer run time exceeds the maximum amount requested. The FIN

compiler is used with extended and preset-to-zero core options.
E-3. ABORC FLOW CHART
A brief flow chart of the code system is shown in Figure E-1. Note

that the electron emission information must come from 4 source external

to ABORC.
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E-4. ABORC INPUT DESCRIPTIONS

The problem being considered is defined by geometry, emission char-
acteristics, and conductivity characteristics. The two-dimensional geom-
etry is defined by specifying annular conductivity zones which are
described by minimum and maximum axial and radial coordinates. The total
gecmetry considered by the problem is the sum of all defined annular zones.
The electrons emitted from the body give the driving function for the
problem. Emission characteristics include axial and radial bounds of each
emission zone, energy spectra, angular distributions, and emission
intensities,

The method of describing these physical properties to the code is
cutlined below in the input card description. Variable names and their
meanings are given. Data formats are provided if required. Name-list
variables are iuput in free form according to the variable type (real or
integer), with commas separating them. Column 1 must remain blank, and
the 1is* begins with b$DEFINE and ends with b$END (where b indicates a
blank space).

The word DEBUG is used at the beginning of the description of those
variables whose primary function is use in debugging problems. Under nor-
mal circumstances, the default values of these inputs are adequate and
the variables can be ignored. The word EDIT at the beginning of a vari-
able description means that this variable is used in editing results of
the calculations.

The names in parentheses are the variable names used Internally in
the code in cases where the internal variable name differs {rom the input
variable name. Tf no default is given for a variable, that variable must
be input. It a variable has a maximum value or number of values, the des-
ignation MAX = or MAX NO. + is given. A convenient summary of the minimum

and meximem values 1s found in Table E-1.
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Table E-1
MINIMUM AND MAXIMUM VALUES OF ABORC VARIABLES

Min No. Min No. Max No.

Input Variables
Zone number (each direction) 3 100
Time steps - -
Emission zones 1 20
Energy distributions 1 20
Time histories 1 20
Angular distributions 1 20
Conducting annuli 0 100
2-D prints 0 30
Mini-prints - -
Plot quantities 1 40
Calculational Variables
Total number of particles emitted 0 1000
in a given time step
. . . .
§umber.of pa?t1c1e5 being followed 0 17,300
in a given time step
Number of point pairs per 1 50
distribution
Total allowed values in all point «

. .o - 2000
pair tables for emission
Total allowed point pairs in time
history plots (counting all curves 2 4000

which are overlaid)
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Certain terms peculiar to this code are used in the input card

descriptions repeatedly. Definitions of the terms are listed below.

Mini-print

2-D print

c
Ax

Card 1 (8Al0)
TITLE
Card 2 (4012)
IOPT(1)=0
=1

I0PT (2)

I0PT (3)=+1

IOPT(4)=0
=1

IOPT (4)=0

n
—

10PT(5)

A short printout of certain problem parameters plus
requested plot quantities can be requested at times
independent of large "'2-D prints'" (see below). Auto-
matically printed at 2-D print times.

Spatial distribution printouts of fields, currents,
and charge densities (very large).

Speed of light (3 x 108 m/sec).

Used to designate both Ar and Az, the spatial zone

increments.

The driver of the problem is the particle emitter.
The driver is an analytic current specification up
the axis (see subroutine TESTJ); used for debug
purposes.

Default: IOPT(l) =0

DEBUG. Particle motion printout. Print first and
last IOPT(2) particles.

Default: TOPT(2) =0

Plot all input distributions.

Suppress input distributions.

Default: I10PT(3) =1

Random emission.

Analytical emission (see subroutine TESTJ); used for
debug purposes.

Default: I0OPT{4) =0

Random emission

Analytical emission (see subroutine TESTJ); used for
debug purposes.

Default: 10PT{4) = 0O

DEBUG. Print first and last I0P1T(5) emission particles

every emission step.
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I0PT(6)>0

IGPT(7)

IOPT(8)=0
=1
=2

IOPT(10)
(NESCAP)

I0PT (11)

I0PT(13)

I0PT(14)-
1OPT(16)

10PT(20)

I0PT(21})=1

10PT(27)

10PT(37)

DEBUG. Statistics check plots of emitted particle
energy spectra.

Default: IOPT(6) = 0 (no print)

Number of CP seconds to leave av end of run for plots,
files, etc.

Default: [IOPT(7) = 20

Do not check particle emission statistics.

Check particle statistics.

Check and print debug print of particle statistics.
Default: I0PT(8) = O

Number of chances a particle has to emerge from a non-
zero conductivity region.

Default: 1I0OPT(10) = 5

Beginning random number selector. Generator is called
I0PT(11) times before start of a calculation.

Default: ITOPT(11) = 0

Input Check. Plots body shape if >-1. Currently not
operationa. Set to -1l.

Array index limits used with TOPT(13) for limits in
axial and radial directions. Permits expansicn of
object.

Default: Problem index limits

Debug. Debug print in function converting real space
to generalized coordinates if >0.

Default: I0PT(20) = O

Debug. Print in EMITTER.

Default: I0PT(21) = 0 (no print)

Write plet file information eve y [UPT(27) light time
steps.

Default: 10PT(27) =1

MOVIE file. Write particle information to file TAPE20
every IOPT(32) particle time steps if >U.

Default: I0PT(32) = 0

103




I0PT (33}

I0PT(34)

IOPT(35)

IOPT(36-38)
I0PT(39)

EDIT. Print every IOPT(33) axial zones outside region
with axial zoune indices IOPT(34) to IOPT(35) in 2-D prints.
Default: ICPT(33) =1

EDIT. Print every axial zone with index between I0PT(34)
and 10PT(3S), inclusive, in 2-D prints.

Default: 1I0PT(34) =1

See IOPT(33), IOPT(34)

Default: Number of axial zone becundaries

Like IOPT{33-35) oniy for radial zones.

EDIT. Number of significant figures desired in 2-D prints
for all quantities excepnt electric fields. Also gives the
range of the variable to be printed out — i.e., from peak

[TOPT(39)] times peak value. Useful in

value down to 10~
limiting printout size. Use -1 for E10 format.
Range: 1 < IOPT(39) < 7.

Default: IOPT(39) = 4

A1l of the following variables are in NAMELIST DEFINE:

DTN

DTPART
TMAX
DTPRNT

DTPR

DTMOVE

FLUENC

Light time step (sec). Code adjusts to meet stability
criterion if necessary.

Default: DTN = Ax . /Y2 ¢ x 0.95, but then DIN is
decreased to the nearest integer diviser of the par-
ticle time step.

Particle time step (sec).

Maximum simulation time (sec).

Time increment for mini-prints (sec).

Default is DTPR values.

Times at which to print 2-D prints (sec).

MAX NO = 20.

2-D print at last time step is automatic.

Time increment for plotting particle positions on the
printer-plotter (sec). If zero, no plots.

Multiplier of all emission current levels from all zones.
Dimensionless.

Default: 1
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PG Axial zone boundaries read in in ascending oxder {(m).
4 MIN NO = 3
MAX NO = 100
E RG Radial 7one boundaries read in in ascending order (m).
' MIN NO = 2

MAX NO = 100
The variables from here to the end of the NAMELIST DEFINE are read in
only if electron backscattering is being included in the calculation.
REFQ Fraction of charge on particles reflected off conductor
. walls each collision. Dimensionless.
Default: O

EFRAC Kinetic energy per unit charge contained by backscattered
electrons as a fraction of incident energy. Dimensionless.
Default: 0.9

ZROT Bottom position of cylindrical region from which to back-
scatter electrons (m).*

RSIDE Outer radius of cylindrical region from which to back-
scatter electrons (m).*

QABTF Fraction defining range of charge particles which are
continued in the calculation. All particles with charge
less than QABTE times maximum particle charge are
eliminated.

Default: 0
$END NAMELIST DEFINE

*
Particles will backscatter only upon striking conduction regions in
such a way that no grid peint is having a contribution to its current den-

sity due to that particle and if the particle is entering the region defined
by ZBOT, ZTGP, and RSIDE.
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Card Type 1
After DEFINE

Card Type 2
After DEFINE

Card Type 3
After DEFINE

Col.
1-80

1-10
11-20
21-30
31-40
41-50

51-60

61-80

1-80

Comment Card

Specification of conduction regions. E10 format.
MAX NO = 100
MIN NO = 0 (i.e., no conduction regions are necessary)
SIGIM Lower axial position of conducting annulus (m)
SIG1P Upper axial position of conducting annulus (m)
SIG2M Inner radial position of conducting annulus
SIG2P Outer radial position of conducting annulus.
SIG Conductivity value assigned {(mho/m)
DEFAULT: l.OE+9*€0/At.
FD Read in non-zero value if another annulus is
to follow; otherwise, blank.

Conment field

Comment card

NCIE: The rest of the code inputs are free-form. Columns 1-80 may be used

and blanks are unnecessary. Quantities may be listed in any order within

the division labeled EMISSION CHARACTERISTICS.

Card Type 4
After DEFINE

7 ) 7 e 7
”(Hlle)’ FR(LZ’RZ)’ LZ(“Z;RZ);

This card sets quantities which are to be written onto

the plot file for use by the plot routines. The quanti-

ties that may be written to the file are:

Plot Type
1 H
2 EZ
3 ER
4 JZ
5 JR
6 KZ
7 KR
8 TEMIT
9 WEMIT

Magnetic field (amp/m)

Axial electric field (volt/m)

Radial electric field (volt/m)

Axial current density (amp/mz)

Radial current density (amp/mz)

Axial surtace current density (amp/m)
Radial surtzce current density (amp/m)
Total emission current (amp)

Totel cumulative emission energy (joule)
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Plot Type

10 WKINETIC Total kinetic energy of electrons (joule)

11 WFIELDS Total energy in fields (joules)

12 WLEAVE Total cumulative kinetic energy leaving system (joule)
13 VMAX Maximum potential anywhere along axis (volt)

14 VMIN Minimum potential anywhere along axis {(volt)

15 I LEAVE Total current leaving system (amp)

* Plots 1-7 are input as H(z,r), etc.

* Plots 8-15 are input as IEMIT, etc., with no position
specification.

* To finish the 1ist, put END aftecr the last plot.
+ Commas are nct necessary at the end of a card.
« At least one plot quantity must be specified.

* As many cards can be used as neceded up to the specification
of 40 plot quantities.

The rest of the inputs specify the electron emission parameters of the
problem.

Card Type 5
After DEFINE  EMISSION CHARACTERISTICS

This card simply informs the ode that emission
information tollows. Cards within this group are
not numbered because the individual distributions

can bhe input in any order within the group.

E-4.1 Emission Intensity n = Point Pair Table

The emission intensity format is usced to specity the time history for
the emission pulses; n is the intensity number, ot which up to 0 are allow-
able, and POINT PATIR TABLE is the time history in amp/m” versus time In sec.
ET may be used to abbreviate emission intensity.

Y

For example, a 20-nsec FWHM triangular pulse with a peak of 001 amp/m”
would be input:
EMICOTON THTENSTTY 5 0, G, DOf=, 1, ail=0,
The table may contain up to 50 point parrs, allowing high resolution
to fairly complex emission time histories, and may be continued onoas many

cards as desired.




An abbreviated form is available for specifying emission pulse shapes
of the form f(t) = Sinz[(ﬂ/Z)(t/T)], where T is the rise time and FWHM of
the pulse. Simply specify EIn = SIN2 (T) where n is the distribution num-
ber set by the user and T is the rise time in seconds. Note: Abbrevia-

tions listed in Table E-2 may be used here.

Table E-2

FLOATING POINT MULTIPLIERS FOR
ABBREVIATED ABORC INPUTS

Letter Factor Power of 10
P -12
N -9
U -6
K +3
M +0

The letter factor can be used to replace
the power of 10 desired on input cards.

B-4.2 Energy Distribution n (bins = i) = Point Pair Table

Similarly, the energy distribution card allows for arbitrary speci-

fication of the emission energy spectrum.  Again, n s the distribution
number, and up to 20 are allowed.  (BINS = 1} iIs optional. ED may be
used to abbreviate enerey distribution. 1 specifies that there shatl be

1 particles emitted per particle time step per emission zone for the dis-
tribution. It the (BINS = 1) input is omitted, the default value of 1 is
4. The POINT PAIR TARLE is as betfore, with relative trequency |[namber/

unit energy versus cneray (eV) ] oas the parameters,  For example, the spec-

trum of Figure E-1 might be input:

A TR Y RO R R LA T S PR U R SN SN B
A AL AT I g
Note the use of the "R which s mtorpreted as 1000 Varions other letters

may be used with tloating point numbers in the endssion section; they are

ciimerated in Taple 120 The exmmple spectrum s given normafised to o
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Figure E-2. Sample angle distribution input to ABORC
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peak of 1, however, the emitter normalizes all distribution functions, so
the emission current density has the value specified by the emission inten-
sity versus time curve multiplied by the FLUENCE and TIMES factors. The
FLUENCE parameter has already been discussed; the TIMES factor is discussed
below. Desired relative height for all distributions is all the user need

consider.
ANGLE DISTRIBUTION rn = POINT PAIR TABLE

The angle distribution card is shown above. AD may be used to abbre-
viate angle distribution. The parameters for the point pair table in this
instance are the number of particles per unit solid angle versus angle in

radians. For example, the distribution of Figure E~-2 is given by:
ANGLE DISTRIBUTION 3 = 0,0.6,0.75,1.1,0.45,1.5708,0

Polar angles are employed in the coding for emission specification.
The angle on the given sample is the angle from the emitting surface nor-
mal. The azimuthal angle distribution is typically specified uniform
from 0 to 27 for two-dimensional calculations. Again, up to 50 point
pairs may be used.

The emission energy spectra, angular distiibutions, and pulse shapes
are specified by the above cards input in any order. The last section of

inputs draws all this information together.

E.4.3 Emission Zones

The emission zones card simply specifies that emission zone informa-

tion follow. The emission zones are indicated via:

(Z],r ) TO (z ) INT i DELAY x TIMES vy, ED j, AD k, ADQ3 2.

1 2'"2
zl,rl,z2,r2 give the coordinates of the zone. 1 is the emission intensity
time history number rererence to be used for the zone, delayed by x seconds
and multiplied by y. The DELAY and TIMES factors are optional, j is the
energy distribution number to be used for the vone, k is the angle distri-
bution to be used for determining the direction of each particle relative
to the surface normal, and 2 1s the distribution refcrence for the emission

electron direction azimuthal angle about the surface normal. Up to 20 emis-

sion zones can be specified.
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For example, suppose we desire an esmission zone position on the top
of a cylinder, from the axis of 0.2-m radius and at vertical position
(for a particular problem) 0.5 m. We shall reference the previous distri-
butions and input

.5,0) TO (.5,.2) INT 5 TIMES 10, £07, AD3, ADQ3 2

where we have multiplied the current density by 10. We may alsn want to
emit from the side cf the cylinder (e.g., radius = 0.2 m) but with reduced

intensity and delayed by a couple of nanoseconds:
TO (.3,.2) INT 5 DELAY 2E-9 TIMES .1, ED7, AD3, ADR3 2

where Zy and Ty for this emission zone are obtained from the previous

zone's zz,rz.

Card 16
END OF INPUT

terminates the input processing.

E-4.4 Final Remarks

All cards may be continued on the next card except for zeone specifi-
cations. Also, blanks make no difference becsuse they are deleted imme-
diately by the coding upon reading the cards. More than one en=rgy,
angular, or time distribution can be emitted from a given spatial zone
by simply respecifying the same zone coordinates on an additional emission
zonc card.

The following information is helpful in using the code.

+ Angle distributions: polar 0 - n/2
azimuthal 0 - 2n

+ Plot file: tape 7
*+ Movie file: tape 20

* Kinetic energy print is every particle in system including

first time step particles

« Zone indices increasc in direction of increasing z or r

~
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E-5 SAMPLE PROBLEM

A sample ABORC calculation is illustrated ir this section. Code inputs
and selected outputs are listed to summarize previcusly defined variables in
a test preblem.  This case was selected as a user's illustraticn for code
input and output interpretation and to provide a banchmark test problem for
comparison when conversion to a new computer system is necessitated.

The sample problem has the following characteristics.

Geometry A cylinder 3 m high x 3 m in diameter

Cylinder is in an outer cylinder 30
m high by 33 m in diameter

Outer boundary

Emission 146/m? emitted with a cos 8 polar
angular distribution and isotropic
azimuthal angular distribution from
the top and half the side. The
clectron energy spectrum is from
the QUICKE2 code.

Pulse shape sin4
Pulse length 17-nsec rise time and FWHM
Grid characteristics

Number of axial :sones 64

Number of radial zones 58

Number of emission zones 5

Number of cnergy bins 3
Particle time step 0.2 nsec

Maxim:m time of calculation 50 nsec

Minimum zone size 0.02 m
Clear time 100 nsec
Plots At various points on the top, side,

and bottom of the inner cylinder, both
the normal electric field and the sur-
face current densitics are monitored.
Also, otbher helpful quantities are
specified.

E-5.1 Input Discussion

The input cards to model the problem mentioned above are shown in

Figure E-3. The plot code inputs are also shown after the end-of-record
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SDEF INE TMANE 80 kw7, DTRARYR,2 E=Q,DTFRNTR] t w9,

DYPRU20 EwG 40 ku) 60,Ew9,
FLUENCRY ,46E2,
1O0PY(33)nS,20,43,%,0,3%0,
pis S G U oY, w120, % g™ 104G, 0l,5,m8,,e7,5, =Ter
Ph 550 Sl gl b U 2 ™3, B n3 U smY, =22, 6,92, 2,01 biml,l,al im0,
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032004y 51 403,,76,,8%,1,141,3,1,55,1,0,
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R(GE 0“..2,.35..“5,,55;.05'n75 aslnqst,'o" 1415
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S0 205,0,6,,6,4,6,8,7,2,7,6,8,5,9,5,10,5,11,5,12,5,13,5,14,5,15,5,

- -

’e
XY

LIP3
. 13,
' 7.2

7
a

CONDUCTORS

»3, 1,%

PLOTS  (DZ,00%)

KR{O0,ys79) BZ(,00%,,79),%2(=y5%,1,%0 ), ER{e_.5,1,509)

KI(®1,5,1,50), ER(=1,5,1,5%05)

KZ(w2,511,50)7 ER(a2,5/1,505 % hR(wl, 2 ¢, TL), E2(=3,2 +» ,79)

VMAX, VMIN, IEMIT,ILEAVE

E2¢,03,,7%),E2(,05,,75),¢20,07,,7S) b2, 11,,75), EZ(,47,,75), E2C ,2%,,75),

EZC( ¢S5+ 7S) e WKINETIC,vFIECDSIEND

EMISSTON CHARACTERISTYICS

AD180,,0,, ,0873%,,1736, ,1745,, 3420, ,2618,,50, ,3491,,6428, 4363, 765,

0.5236, 866, ,5109,,9397, ,698%,,9848, ,7854,1,, .8727,,9848, ,9%99,,9397,
1,007,806, 1,134,,766, 1,222,,642R, 1,309,,5, 1,396,,342

AD280,1,h,28,1,

EI1SSIN2( 17N)

ED1 (BIngs3 AL 1,00F+03, 1,326+16, | ,20E408, 1,83E416, 1,60E403, 1,40E¢Ls,
2,006408, 2,64Fe1S, 2,40te03, | ,93E+1S, 2,80E40%, 1,25te¢1%, 3,20E¢03, B,0B8E¢14,
3,606003, 5,70Eeld, 4,00E003, 3, 40tetd, < ,50Ee03, 2,10E414, S, 00E403, §,27E+14,
S.50E403, 7,660¢13, 5,00t 03, 4,63Fe13, 6,50t 003, 2,9tE¢13, 7,60E003, 1,755,
7.50£423, 9,98Fe12, 8,00 03, 5,70k¢12, 9,00€¢03, 1,98E412, {,00Ee04, 6,08E411,
1,10Fe04, 1,09E¢11, 1,20E¢04, 1, ,3cbe10

EMISSION 20NES

{0.50,) TO (0,,1,5)INTY JED1:401,4D03 2

TO0( »,.38,1,5) INTL DELAY _63N TIMES1, LEUL, ADY, ADG3 2

TO( «,75,1,5) INTL DELEY 1 ,9N TIMESY, ,LEN), ADt, ACQ3 2

TO(=1,13,1,59) INTL DELAY 3, 1N YIMESL. ,ED), 4Dy, ADG3 2

TOL 1,9, 1,5) INTI DELAY w, 4N TIMESY, . ED1, AD1, ADOY 2

END QF INPUT

#oRrR

BBMAT
1

. BEST AVAILABLE CopY

Figure E-3.  ABORC input for modeling sample problem
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(EOK) card. This plot input causes the current ABORC file to be plotted

without comparing it against any other file from a previous calculation.

BE-5.2 Ourput Description

Some outpuis given by ABORC are listed in this section. Figure E-4
shows guantities printed by the code which are very helpful as input checks.
Such items as total rumber of zones, time steps, plot file sizes, and
approximate calculation time give a quick indicator if something is grossly
wrong. Minimum zones, time steps, and approximate clear times are also
printed.

The mini-print is shown in Figure E-5 for a time of 20 nsec into the
simulation. Definitions of the variable names ¢itling the numbers are
listed in Table E-3 in the order they appear on the printout, reading from
left to right. Some of these variables are most useful in evaluating cal-
culational numerical quality.

The numbers following the labeled variables are the values of the
requested plot quantities at this time step. Numerical hash often makes
the magnetic field and current density values too noisy te be useful in
this un-averaged form, but other quantities are usually well behaved.
Basically, these numbers provide a back-up in case the plot file gets
lost for some recason.

Spatial distributions of fields and currents at 20 nsec are shown
in Figure Ii-, Only those portions closest to the axis Q}e listed due
to the voluminous output. The axial (z) and radial {r) values are listed
to the ieft and above the tables of values. In the integer-printout
tables (H, JZ, JR, and CHAKGE IN ZONE), only the index of the radial zone
is given due to lack of room. The code inputs must be referred to in
these cases for the rudial position in real space. Whether to use a
zone bhoundary or center for a given quantity can be determined from Table
E-4. The designations "Ql1 DIRECTION," "Q2 DIRECTION," "Q3 DIRFCTION"

refer to axial, radial, and azimuthal directions, respectively.
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S0MF INPUTY CHECKS

NOe. OF PARTICLE TIME STEPS 250

NOe OF FIELD TIML STEPS 1250

NO. OF ZONES le4us

NOe OF TIME STEPS TO RBE FUT ON PLOT FILFE 625

NO. OF WORDS TO RE WRITTEN TC PLOT FILE 1.4375E+04

KOs OF FIELD CALCULATIONAL STEPSU(ZONL STEFS) 4.,5€00E+06

TIME TO CALCULATE FIFLDS(760N MIN) 6.£80CE-01

4PPROX COST(DOLLARS) 1,8240°401

APPROX CCST PER 1200 AVERAGE P2ZRTICLES THIS RUNCDOLLARS) Ject(QE<+01
CLEAR TIMES ARE LESS THAN 2.0014E=07 1.1008F=07 IN THE AXIAL AND RADI

21 22 R2

~1.5000E+31 1.5000fF«01 1.65008+01
THE SMALLEST ZONEt IN THE RADIAL DIRECTION IS 2,000000E-02
THE SMALLEST ZONE IN THE AXIAL DIRECTION IS 2.000000E-0?

PARTICLE TIME

STEP= 2.00000E~10 SECONDS

LIGHY TIME STEP= 4.,00N00E-11 SECONDS

UPCATE PARTICLE POSITIONS EVERY S LIGHTYT TIME STEPS

MAX ALLOWABLFE TIME STYEP FOR STABILITY IS 4.18144E-11 SFCONDS

Figure E-4.

ABORC printout of quantities which test the
inputs for r.vasonableness
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Table E-3
MINI-PRINT VARTABLE GLOSSARY

NSTEP
TIME
NEMIT
NPART
TEMIT
QEMIT
QINSYD

QLEAV

QCHEK

ENERGY EMIT

ENERGY KINETIC

ENERGY ABSORBED

ENERGY EFIELDS

ENERGY HFIELDS

ENERGY TOTAL FIELDS

VMAX

POS

ECONSERVE

ECONSERVE IN

Light time step number

Simulation time (sec)

Number of particles emitted during present time step
Number of particles being followed at this time
Total emission current at this time (amp)

Cumulative charge emitted up to this time (coulomb)
Total particle charge representing emitted electrons
at this time (coulomb)

Total emission electron charge striking and sticking
to material surfaces during this time step (coulomb)

Charge conservation check; not entirely correct at
present, but small values indicates good conserva-
tion of emission charge

Total cumulative kinetic energy emitted up to this
time (joule)

Total kinetic energy of all emission electrons at
this time {joule)

Total cumulative cmission clectron encrgy absorbed
by materials up to this time (joule)

Total energy stored in clectric field at this time
(joule)

Total energy stored in magnetic field at this time
(joule)

Total energy stored in E and H fields at this time
(joule)

Maximum electric potential anywhere along the axis
relative to the bottom of the outver can at this
time (volt)

Position of maximum potential along the axis rela-
tive to the bottom of the outer can at this time (m)

Energy conservation parameter: fraction of energy
cmitted minus energy in fields minus kinctic energy
minus energy ahsorbed to total energy emitted (dimen-
sionless); small value (v0) indicates conservation

Energy in cmission electrons and fields compared to
energy emitted minus energy absorbed (dimensionless);
small value (~0) indicates conservation
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Table E-3 {cont.)

NLEAV

LEAVT

NEMITT
NSTEPP
QLEAVT

NABORT

NABORTT

NREFT

QREFT

IGABTT

QABTT

QMAX

QMAXT
QMIN

QMINT
\

Number of particles being absorbed by material during
this time step

Cumulative number of particles absorbed up to this
time

Total number of particles emitted up to this time

Particle time step number

Cumulative emission electron charge absorbed by con-
duction surfaces up to this time {coulomh)

Number of particles prematurely aborted during this
time step; see IOPT(10)

Number of particle re-emissions of electrons occur-
ring during this time step if electron backscattering
is being treated

Cumulative number of re-emissions of clectrons occur-
ring during this time step if electron backscattering
is being treated

Cumulative amount of charge re-emitted up to this
time due to electron backscattering (coulomb)

Cumulative number of particles aborted up to this
time duec to charge becoming less than QABTF*QMAX,
where QMAX is defined below and QABTF 1s defined in
the input description section

Cumulative amount of charge aborted up to this time
(coulomb); see 10ABTT abcve

Charge on the smallest-magnitude particle being fol-
lowed during this time step (coulomb)

Same as QMAX

Charge on the largest-magnitude particle being fol-
lowed during this time step (coulomb)

Same as QMIN

Maximum velocity of all particles being followed
during this time step (m/sec)
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Table E-4

RELATIVE POSITIONS ON THE GRID WHERE FIELDS,
CURRENTS, AND CHARGE ARE CALCULATED

f} Axial Radial
4 Quantity Position? Positiond
E b
: z
E b ©
] *
4 H ¢
. J b
3 z
1 J b ‘
E 1‘
. CHARGE
- IN ZONE b b

E-5.3 PLOTALL Output Description

The plot code output is shown in Figure E-7 as it typically appears at
the end of an ABORC calculation. This example is for the case of plotting
only one file of data generated by a single ABORC run. Discussion on over-
laying additional tiles of data is given in the following section.

Notice that the plot code inputs are printed, and then most of the
ABORG inputs are given. These quantities reside on the plot files,
enabling the user to check an old file to determine exactly what ABORC
inputs were used to generate it. Also notice that the exact plot posi-
tions are listed ulong with information pertinent to file and plot
manipulation.

Finally, sample plots ave shown in Figurc E-8 for thne normal electric

field at the top of the cylinder and the surface current density at the

: middle of the side. The curves are smoothed cver ! nsec.  The plot type
?5 and exact lecation on the ABORC grid are given above the plot, along with
, o3 a convenient plot number and the ABORC title card.
"‘~§
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E-5 GENERATION OF OVERLAID PLOTS — PLOTALL CODE

A FORTRAN IV computer code called PLOTALL is part jof the ABORC com-
puter system. This code operates on ABORC and QUICKE2 (Ref. 1) data files
to produce plots of specified quantities., As many as three such files can
be overlaid on the same grid and the plots directed to the printer or to a
pen-plotter. Computer requirements for these plots are minimal for printer
plots and, of course, requirc a pen-plotter for the higher-resolution plots.
Also, plocs can be made on CRT or cther plctters with appropriate software
used with PLOTALL. This section discusses how to generate overlaid plots
with the code. Inputs are described and a sample case is discussed. Empha-
sis is given here to an example of overlaid plot files. An exampie of plot-
ting a single file is given in the previous section in conjunction with the
ABORC sample protiem.

while the exumples given in this appendix are for ABORC data file
manipulation, the capabilities discussed and illustratoed alsc appiy to
QUICKE2 data files. In the latter case, spectra are plotted rather than
time histories, and typically no data-smoothing is performed. PLOTALL
capabilities such as comparing curve 1 on file TAPE7 with curve 2 on file
TAPE8 are still the same. Most plot runs are dcne using the negative
value for the "number of fiies" specitication [IOPT(1)], however, which
allows inputting only tw. iata caras to define the plots once the proper
data files are loaded on tne system.

An important function performed by the PLOTALL code is that of curve-
smoothing. This optional capability is often used in attempts to filter
out erroneous high-frequency noise in time history data from ABORC due to
particle motion through finite spatial grids. This noise is a byproduct
of following too few particles to permit cancellation of statistical fluc-
tuations. Tne smoothing formula employed by PLOTALL is equivalent to the
time-averaging of a voltage pulsz entering a circuit with parallel resis-
tance and capacitive elements. The capacitor voltage responds to the
incident voltage with a characteristic RC time constant. Sim!larly, all

]S, H. Rogers and A. J. Woods, "QUICKEZ - An Analytical Electron Emis-
sicn Coae,” INTEL-RT 8141-026, Junc 15, 1976.
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curves treated by PLOTALL can be smoothed as if they are voltage pulses,
causing a delayed response. The characteristic time is designated as the

averaging time and is specified to the code. The equation for the aver-

agirg is
ks SRR O
where
g(t) = input function to be time-averaged smoothed,
T = characteristic smoothing time,
f = resulting time-smoothed function.

E-6.1 PLOTALL Inputs

Inputs to the PLOTALL code are described here, along with a few pointers
on required specifications for desired outputs.

In the input card descriptions which follow, the abbreviations D and
MAX s<tand for default and maximum alliowed value. Notice the special
instructions at the far right of the figures for some of the cards. Addi-
tional instructions are given below, along with Table E-5, which lists

some constraints on input and calculation variables,

Note on Defaults

Card types 4 and 5 must be input in groups of NFILE cards of each
type, where NFILE can be from 1 to 3. Values on cards after the first
one in each set are assumed to be the value on the first card unless a
value appears on the subsequent card. Therefore, defaults listed herc

pertain only to the first card of the set.

Additional Notes and Definitions

+ PLOTALL looks for data on files TAPE7, TAPE8, and TAPE , depend-
ing on number of files being overlaid.

+ Curves on the same file can be overlayed by copying the data to
two of the files used by PLOTALL and then specifying appropriate
plot pcsitions with the IPPOS cards (card 4).

« "T'ile" is defined as a block of curves generated by one ABORC or
one QUICKEZ calculation.

« "Plot" is defined as the tfigures generated in which one to three
curves of the separate "files' are overlaid.

i
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E-6.2 PLOTALL Sample Problem

A sample problem is considered here. The example is to overlay three
separate ABORC results on the same grid. Each file is copied to one of the
three used by PLOTALL, TAPE7-9. The inputs to the code are shown in Figure
E-9. The spacings indicate that blank cards have been used for specifica-
tions for data on TAPE8 and TAPE9. The defaults of plotting every curve on
every file and averaging over the same time constant have been employed.

An example output of the computer run is given in Figure E-10. Notice the
plot title at the top, the plot number given by the code for convenience,
the averaging time, the plot type, exact position, and ABORC run titles
defining the curves. All of these features are printed automatically,
maki ‘g identification of the plots very positive. Additional features of

the PLOTALL code are described in the ABORC sample problem section.
E-7 GENERATION OF ELECTRON MOTION MOVIES — MOVIE CODE

A FORTRAN 1V computer code called MOVIE is part of the ABORC system.
This code operates on ABORC and DYNASPHERE (Ref. 2) data files to produce
movies showing the motion of particles representing photo-electrons emit-
ted from the object(s). The code requires a file of data (cither a per-
mancent file or a tape) produced by invoking the appropriate option in the
SGEMP calculation and taking the simple control cird procedures necessary
for saving the file. This section details to theprogrammer how to make a
movie of ABORC photo-electrons once the file of information is availuable.
Generation of the file is explained above in the ABORC input description
section or in the DYNASPHERE user's manual. A brief description is given
below of steps necessary to use the MOVIE code, description of code inputs,

sample inputs, and discussion of a sample movie frame.
E-7.1 MOVIE Input Requirements
ABORC provides all the particle position information at ecuch time

step, but the MOVIE code is not presently set up to automatically describe

the body outlines trom the ABORC inputs. Theretfore, certain inputs must
“AL J. Woods, "User's Manual ftor the DYNASPHERE SCEMP Computer Code,"
INTEL-RT 8141-029, April 1976,

129

e i



odlbbUbi) Lot RALIAL R LA Uhia el P AU N A

(8)1201

(L)1s01

(63 1dCl

*0=3@

“DIR|4OA0 B4E SOAUND
peBeusacun pue pebe
-Jare jold 0 41
3j14 4sd14 uo buj
-Beaaae awi}l s3o8YH

*0=0

‘0 }1 58|14 wody
SpeaJ J8j4ng  *Cs
0 ([Y1dOot +s414
Ul eiep 4{no juidd

oNng3a ong3d
4] i Zi IO
Gl-Gl vi-¢1 01-6 Nin DD
(7)1d0! (114014 (Z)1dC! {1)Liall TGS
ERRE DY
T = KB
(MLHINY ‘Ul De2u BJe
G = XeW *0=0 0v = Xew TWi0Tg ©4 s4nd
-ade4 dwnp uo ssjtli *sjopd TSel ~U| 240w 0uU pue
©] uoijippe uj uad pue dJaiuildd i UO JBqunu xep = ¢
0 1 S2AUND 4O *Ajuo *pajedsusb
S8|4i4 TLIIN Ul pesy sjo|d dsjutdd g |eg o4 s40)d ,C "ON 7 C490

4 4 Zi Z! L¥RETS
B=L 9-¢ =g [ AT 10D

fun

101¢ :0 8Lt BIT
0i¥Y TG
07-. NN OO

SINaN} 111074




B

i ;
- g
- s
,w M
i
w M ‘DIMIOBYD ode N4l pue 1HY1SL udyyg u%cmoq 2lBL yoEs 404 Buwt vy, C. [atle EN .4.Jm‘4
: :
: j TS ]
: )
E :
4
m ‘yodea uo SHINe48p UO Bl0U 88S Oy = XBy ‘1# Jiim Cuigaers
1 Sonien XiLdN _
SLiM S, b Dieo L2 Ld01] Wwlah o4 dn eauns Assas = g
2 3714N Ul pesy "Pai40]d 89 Of 51} UC $BAUND ;O SULLiST4 7 C2v3
Zily R
o8-t SW0TC2
N4t YIS EE
(D88} {D3s: -
“w=( "0=C
* *
TNidl 5 SWid 404 | "idyiSi < 3wl Jo;
BlEp AJUO JBDPISUC) | 248D AJUC UBDISULDT 7 Dawl
m
t 1 LynECH
CZ-1l Ol-i | NWAICT
4 (Z1)1d01 (11)1d0) (011501 (6)1d0! TOENAS
. *pozurzd 99 03 sAIns
{ yorpa 10y saurod
cjussaad 3 0S¢ 3Jnoge sIasneo
8 - Trucrtieisado 30N OIRZ JO anres ‘0= :
i {OAVEIN) {iNTYd 1) 0 < _
? : *0=0 *0=G (dASLdN} $1 seulyncL 4oz A
- M "D < 41 ejep) csiujod swiy INIEd) "i=0 B2 940337 4577
A ; pabedaae 40 sjuicd Addas pulad pz *sipurod eiER iNO [ Sk
i ; BAVYMAN A48n8 Lutdg putdd fou op 0> | ISLAN Adand toig 53C I Cavs
7 Z! Z1 ZI Z| Lyia0s
p vZ-¢2 Zz-12 0Z~61 SL-/1 NWRIGD

R TN e o e A

e e




o e TR

i

AT AP SR A TN

s R aN

Cpdadaaite fuat s 0ol a4 hudds AR Rk

S I L U

BES‘ A“w i ....\;)‘ ke

'll‘

~i L

sy, AT A R R

SHEERE YRS

COPY

0t ATV

= |
| -
E= [ .
zZ . = S
[0} -
Su -
— 0N c -
[V
© T T wl
8 5 © L O
3 T moO
- o U —
[}
e O
= o
+— v
c o> .
O < +-
) IH . ‘
MO © Wl — = ;
[ £aa < g
e N o 3 ;
N v > C L)
0 —
>
© O v -
—_—— D
e O
DN OO *
[
[ ol
Q O .
© (@)
g
-
(oo - -
R 3 N
A Y © N
=1 o Ma] 2o
B o N 4+ 09X
° O
[19]
(O >
e L0 0O
W o
- e )G
wrer
§-
© o X -
O - 152} L o,
L i8] o=
. P A o !
N [a ] - w S
o s ) o
i S nom . '
[ O “ q ' o .
N & 0 - B ! P g v
e Q- . ! |
o U L e o ‘ .
o oY T T
SR I [ I N
O S LR AR “ o ‘ g
U4 [ . . LI
i N )
o \
0 o
) “L
19 5 ’

SN IR . TSR R

s

SRS



e e R i i S

Tablz E-5

MINIMUM AND MAXIMUM ALLOWED VALUES OF PLOTALL
INPUT AND CALCULATIONAL VARIABLES

AP

Minimum Maximum
Value Value
Quantity Allowed Allowed
Number of different | 3
files overlaid :
Number of different
plots 1 40
Numb f i 21
umber of point pairs 5 4000

on one plot

BBMAT,REFQ SENS
3

2, =09

These cards

Figure E-%.  Sample PLOTALL input card.
indicate that three files of data are to

be overlaid and averaged over 2 nsec.

There are three blank cards atfter the "3

and two blank cards after the "2.-09" card.

|
|
|
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be specified to MOVIE if an outline of the object(s) is desired on the
frame. Other options such as spatial/temporal plots, which can appear on
the frame along with the particle motion, must also be specified to the
code. These capabilities can be invoked using straightforward procedures
described in Table E-6. Obviously, the additional steps of special con-
trol card procedures are needed to direct the calculations to the proper
disposal station of the computer, but these commands are entirely
installation-specific and so are not discussed here. The capabilities of
specifying time histories or spatial distributions of plot quantities along
with particle trajectories exist only on ABORC MOVIE files. DYNASPHERE
movies contain only particle trajectors, and the spherical surfaces arve
obtained automatically from the data file. All of the inputs described

in Table E-6 are sti11 defined, but some are only dummies.

E-7.2 Sample MOVIE Code Inputs

A sample of MOVIE code inputs is shown in Figure E-11. Note that

this input does not produce the sample frame shown in Figure E-12.

E-7.% Sample MOVIE Frame

A sample frame generated by the MOVIE code is shown in Figure E-12.
The axis of the object is at the left side of the frame. At this time of
48 nsec (shown at bottom center), the electrons have moved far away from
the object. This case was for low fluence, so ne space-charge-limiting
occurred.  The graph on the right shows the magnetic {iceld near the boom
of the object. Any quantity available on the data tile could have been
specitfiad here.  The larpge title at the top would appear in the position
of the first title card shown in Figure E-11, while the smaller title
under the graph would be input in the second title card inpat given in
the example.  The small title undevneath the main title on the frame is
the title card used in the ABORC run, which is automatically obtained

trom the MOVIE file by the coding.




a3 T TR

Table E-6

INPUTS FOR MOVIE CODE

Card(s) Cclumns Format Variable Description

1 1-32 8A4 MOVTIT(I) Movie title (placed at top of each
frame).

2 1-10 110 IPART >0 to plot trajectory of particles.
<0 no particles plotted.

2 11-20 110 NGRAPH Number of curves to be plotted in
graph if IPOS < 0; number of points
on graph if IPOS > 0; NGRAPH _ 15,
ABORC only.

2 21-30 110 IPOS >0 plot graph quantities versus

position {or other measure).
50 plot graph quantities versus
time. ABORC only.

3 1-24 6A4 GRATIT(I) Graph title (placed below graph).
ABORC only.

4 1-80 8110 TGRAPH(T) File numbers of data to be plotted
on graph (files are read from ABORC
piot tape); 1 to NGRAPH values up
to 3 allowed. ABORC only.

(Use card 5 only if I[POS 0)

5 1-80 8E10.3 POS(1) Position (or other measure) of
graph quantity I; 1 to NGRAPH values.

6 1-10 E10.3 TAV Time to average yuantities over (nsec).
ABORC only.

6 11-20 E10.3 FGEOM Factor to reduce bound of geometry by.

7 I-10 110 IREP Number of times to repeatr cach movie
frame,

8 1-10 110 NCLOSE S0 1t ctose-up of part ot the body
desired {(give only the geometry
of that part)

0 whole body.

& 11-20 110 NXY Total number of points to define
geometry of body (only intersection
points need be given); ABORC only.

8 2130 110 NG Number of groups 1 which to construct
body (points in ecach group are con
nected); 10 NO s ABORC only.

8 31-70 rilo NP (D) Number ot points in cach groop; 1 oto
NG vatues; ABORC only.

Y 180 SELO 5 2Pl Socoordinate of pornts detining body;
I to NXY values; ABORO only.

10 1-80 RE10.5 PP R-coordinate ot points detining body;

I to NXY values; ABORC onlv.
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Figure E-12. Sample movie frame produced by MCVIE code
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